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The multiple melting behavior is a common phenomenon observed by differential scan-
ning  calorimetry  (DSC)  for  polymorphic  polymers.  In  the  case  of  poly(lactic  acid)  
(PLA) this is detected as double melting peaks, which have been proposed to arise from 
α- and α’- crystalline forms of the polymer. Various explanations have been presented 
for the mechanism behind this behavior, namely melt-recrystallization, multiple lamel-
lae population and multiple crystal structure, but so far none of them has been fully con-
firmed. 
Determination of the thermal properties of PLA is crucial, because the polymer is 
used as a material for medical applications alongside food packaging. PLA is known to 
degrade via hydrolysis under certain thermal and humidity conditions, for which reason 
the degradation time and rate should be taken into account. At body temperature the 
plasticizing effect of water can be utilized in the activation of the shape-memory of 
amorphous poly(D,L-lactic acid) (PDLLA). 
In this thesis, an investigation of the double melting behavior of the poly(L,D-lactic 
acid) (P(L/D)LA) samples with two different D-contents by a new temperature-
modulated differential scanning calorimetry (TMDSC) method, TOPEM is presented. 
The aim of the study is to determine the suitable parameters for TOPEM studies in the 
melting region and establish, whether this method is convenient to measure the phe-
nomenon in question. The other part of the study concentrates on the examination of the 
plasticizing effect of water by Fourier transform infrared (FTIR) spectroscopy. In addi-
tion, the effect of gamma sterilization on the dry and wet samples is investigated. 
The results obtained by TOPEM correlate well with the ones attained by the conven-
tional DSC method. The required crystallization temperature and time for the appear-
ance of double melting peaks in the DSC curves are different for the samples with dif-
ferent D-contents. In both cases, the major part of melting is observed to be non-
reversing. This is explained by superheating of the samples, which is assumed to be due 
to the slow melting kinetics during TOPEM measurements. Reversible melting in turn 
occurs simultaneously with the crystallization process, which is detected in the non-
reversing heat flow curve. This supports the melting-recrystallization model suggested 
in previous studies.  
The plasticizing effect of water is observed clearly in certain IR-absorption bands in 
the region of 3800–3400 cm-1. A new band appearing in the region of 1700–1500 cm-1 is 
assigned to the bending mode of free water present in the samples. The changes in the 
spectra indicate that PLA degrades because of water treatment. Gamma sterilization, in 
turn, is not observed to have significant effect on the bands. Further investigation would 
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Moninkertainen sulamiskäyttäytyminen on polymorfisilla polymeereillä yleisesti havait-
tava ilmiö. Polylaktidin (PLA) tapauksessa tämä nähdään kahtena sulamispiikkinä, joi-
den on esitetty olevan lähtöisin polymeerin α- ja α’-kidemuodoista. Kyseiselle meka-
nismille on esitetty useampia selityksiä, kuten sulamis-uudelleenkiteytyminen, monin-
kertainen lamellipopulaatio ja moninkertainen kiderakenne, mutta yhtäkään niistä ei ole 
tähän mennessä vielä täysin vahvistettu. 
Koska PLA:ta käytetään materiaalina ruokapakkauksissa ja lääketieteellisissä sovel-
luksissa, on tärkeää ymmärtää sen termiset ominaisuudet. PLA:n tiedetään hajoavan 
hydrolyyttisesti sopivissa lämpötila- ja kosteusolosuhteissa, minkä takia hajoamiseen 
vaadittava aika ja nopeus tulisi ottaa huomioon. Kehon lämpötilassa veden plastisoivaa 
vaikutusta voidaan hyödyntää amorfisen poly(D,L-laktidin) (PDLLA) muotomuistin 
aktivoinnissa.  
Tässä diplomityössä on tutkittu kahden stereokemialliselta koostumukseltaan erilai-
sen poly(L,D-laktidi) (P(L/D)LA)-näytteen kaksoissulamiskäyttäytymistä uudella läm-
pötilamoduloidulla pyyhkäisykalorimetrialla (TMDSC), TOPEM:illa. Tavoitteena on 
ollut määrittää sopivat parametrit TOPEM-mittauksia varten sulamisalueelle ja selvittää, 
onko kyseinen menetelmä sopiva kaksoissulamiskäyttäytymisen tutkimiseen. Työn toi-
nen osio keskittyy veden plastisoivan vaikutuksen selvittämiseen Fourier-muunnos inf-
rapuna (FTIR) spektrometrilla. Lisäksi tarkastellaan gammasteriloinnin vaikutusta kui-
viin ja kosteisiin näytteisiin. 
TOPEM:illa saadut tulokset vastaavat hyvin perinteisellä DSC-menetelmällä saatuja 
tuloksia. Kaksoissulamispiikkien esiintymiseen vaadittava kiteytymislämpötila ja -aika 
vaihtelevat näytteen sisältämän D-enantiomeerin mukaan. Molemmissa tapauksissa suu-
rimman osan sulamisesta havaitaan olevan palautumatonta. Tämän selittää näytteiden 
ylikuumeneminen, jonka voidaan olettaa johtuvan hitaasta sulamiskinetiikasta TOPEM-
mittausten aikana. Palautuva sulaminen puolestaan tapahtuu samanaikaisesti irreversii-
belillä DSC-käyrällä havaittavan kiteytymisen kanssa. Tämä tukee aiemmissa tutkimuk-
sissa esitettyä sulamis-uudelleenkiteytymismallia.  
Veden plastisoiva vaikutus havaitaan selkeästi tietyissä IR-absorptiovöissä alueella 
3700–3500 cm-1. Alueelle 1636–1625 cm-1 ilmestyvä uusi absorptiovyö voidaan yhdis-
tää näytteessä olevan vapaan veden taivutusvärähdyksiin. Muutokset spektreissä viittaa-
vat siihen, että PLA hajoaa vesikäsittelyn vaikutuksesta. Gammasterilisoinnilla ei puo-
lestaan havaita olevan huomattavaa vaikutusta piikkeihin. Jatkotutkimuksia tarvittaisiin 
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Poly(lactic acid) (PLA) is an aliphatic polyester, which is composed of lactic acid. In 
the last decade, it has turned out to be a promising material in the industrial packaging 
field due to its biodegradability and safety for food contact. It is also used in medical 
applications. Properties of PLA can easily be altered by modifying its stereochemical 
structure and because of different ratio of L- and D-isomers the resulting polymer can 
either be semicrystalline or amorphous. [1; 2]  
Even though PLA can be processed with standard equipment, its thermal behavior 
should be taken account, because different thermal conditions can result in different 
structures [1]. This is because of polymorphous nature of PLA, which means that it has 
several crystalline structures. Newly found α’ form has attracted much attention, be-
cause it has been confirmed to be origin of the double melting behavior characteristic to 
PLA. [3; 4] Another noteworthy factor is the possible degradation of the polymer via 
hydrolysis, if certain thermal and humidity conditions are fulfilled [5]. For these reasons 
the properties of PLA should be examined closely [1].  
Differential scanning calorimetry (DSC) is a common technique to study thermal 
properties of polymers [6]. Lately invented temperature modulated techniques 
(TMDSC) offer a new perspective to studies and they have found great favor alongside 
conventional DSC methods. The idea behind the TMDSC technique is to overlay a line-
ar  temperature  ramp  with  a  periodic  waveform  of  small  amplitude.  [7]  A  commonly  
used waveform is a sine wave, but other temperature fluctuations, for example isother-
mal segment or sawtooth, are used as well [8; 9; 10]. The ability of TMDSC to distin-
guish the reversing processes from the non-reversing ones has simplified the interpreta-
tion of the curves, where these events usually are overlapped [7].  
The latest TMDSC method is an advanced multi-frequency TMDSC technique, 
TOPEM [11]. In this method, the temperature fluctuations used are stochastic tempera-
ture pulses of different durations. A great advantage of this method compared to the 
previous ones is the possibility to perform one measurement over a large frequency 
range as a function of both time and temperature. This is done by using a prediction-
error-method (PEM), which is a state-of-the-art mathematical method. The using of a 
broad band of frequencies eases the separation of frequency-dependent effects (e.g. 
glass transition) from frequency-independent ones (e.g. loss of moisture). Other ad-
vantage of this method is the possibility to determinate the quasi-static heat capacity. 
[12] 
The measuring of melting processes by the TMDSC methods is a complicated task 
and in order to perform accurate analysis certain conditions should be fulfilled. It is pos-
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sible to use TOPEM for analyzing the melting region, when the measurement program 
is chosen so that the linearity and stationary conditions of the measurement are satisfied. 
The suitable parameters are determined before the measurements in preliminary studies. 
When they are chosen correctly, TOPEM can provide valuable information about melt-
ing processes. [13] 
In this thesis the double melting behavior of poly(L,D-lactic acid) (P(L/D)LA)  with 
different D-contents (1 and 4%) was studied by TOPEM. The melting and crystallization 
properties of poly(L-lactic acid) (PLLA) have been studied widely with the conventional 
DSC method [3;  14;  15]  and  to  some extent  with  TMDSC [16],  but  the  presence  and  
behavior of the α- and α’-forms in P(L/D)LA have been reported only for P(L/D)LA 
98/2 [17] to the author’s knowledge. Therefore, it is reasonable to study how the D-
content affects this phenomenon. In addition, the performance of TOPEM in this region 
is examined, as well. The program parameters are selected based on the preliminary 
measurements. The results are compared to the ones obtained with the conventional 
DSC measurements. The results are also compared with the TMDSC data found in the 
literature. 
Fourier transform infrared (FTIR) spectroscopy is another suitable instrument for 
examining the effect of different conditions on polymers. It is very sensitive to the 
changes in morphology and conformation of the sample. In addition, it is a nondestruc-
tive method, which enables using of the same sample for several times. [18]  
Amorphous poly(D,L-lactic acid) (PDLLA) is one of the polymers, which have a wa-
ter induced shape-memory. This phenomenon makes it very promising material in med-
ical devices. The shape-memory of PDLLA is activated by the plasticizing effect of 
water. [19] So far it has been unclear, how water molecules interact with this polymer. 
There have been many studies about the influence of water on hydrophilic polymers, 
but for some reason hydrophobic polymers, especially PLA, has not been as widely 
studied [20]. The plasticizing effect of water on PDLLA was examined by FTIR in the 
other part of this thesis. In addition, the effect of gamma sterilization was studied and 




2 THERMOPHYSICAL PROPERTIES OF         
POLYMERS 
In thermodynamics a system refers to a unity of the all materials related to the process 
concerned. The surroundings in turn include the rest of the universe. [21, p. 2] The first 
law of the thermodynamics states that in the isolated system the inner energy of the sys-
tem, U, is constant. In other words, the energy cannot be created or destroyed. Thus, 
Usurroundings must decrease by the same amount as Usystem increases. The only manner to 
influence the inner energy is to alter work, w, or heat, q, flowing across the boundary 
between the system and the surroundings. When they are summed up, the resulting 
function corresponds to the following formulation of the first law [21, pp. 13–14]: 
 
∆ܷ = ݍ + ݓ. (2.1) 
 
Work can be defined here as energy that is used to change the state of the system by 
changing the volume of the system. When w is positive, the surroundings do work on 
the system and vice versa in the case of negative w. Heat is the amount of energy flow-
ing across the boundary due to the temperature difference between the system and the 
surroundings. The heat flow is directed from the surroundings to the system, when q is 
positive and the other way around when q is negative. [6, p. 132; 21, pp. 14–17]  
The internal energy that is either released or absorbed during chemical and physical 
transformations is referred as enthalpy, H. At the constant pressure it can be written 
 
ܪ = ܷ + ܸܲ, (2.2) 
 
where P is the external pressure applied to the system and V is the volume of the sys-
tem. The change of enthalpy, ∆H,  between  two  states  is  one  of  the  main  quantities  
measured by calorimetric methods. Endothermic processes increase ∆H of  a  sample,  
while exothermic reactions decrease it, respectively. [6, p. 132; 22, pp. 36–37]  
2.1 Heat capacity 
The heat capacity is a very important material-dependent property that is defined as the 
amount of heat, which is required to raise the temperature of a sample by a certain 








The experimental conditions affect the value of the heat capacity [21, pp. 20]. In an adi-
abatic calorimeter processes occur at constant pressure, in which case the heat capacity 
can be expressed as the partial derivate of the enthalpy with respect to the temperature 
[11, p. 101]: 
 
ܥ୮ = ൬߲ܪ߲ܶ൰୮,୬. (2.4) 
 
The units of the heat capacity are given per gram (J K-1 g-1) or per mole (J K-1 mol-1). 
The specific heat capacity refers to the heat required to raise the temperature of the one 
gram sample by 1 K (or 1 °C), while the molar heat capacity is the heat capacity of one 
mole of the sample. [24] 
2.2 Glass transition  
When an amorphous or semicrystalline polymer is heated past a certain temperature it 
undergoes the glass transition, during which it transforms from a rigid solid to a rubbery 
material and further to a liquid.  The process is reverse, when a liquid is cooled to a sol-
id. [25, p. 545; 26, p. 119]  In this case, however, the glass transition occurs only if the 
cooling rate is fast enough, otherwise a polymer may crystallize [27, p. 164]. The glass 
transition temperature, Tg, refers to the temperature at which half of the transition has 
occurred [23, p.118]. In other words, at this point a rigid glass softens and transforms to 
an elastomeric material [25, p. 546; 26, p. 119]. Because neither glassy nor the viscous 
state is in equilibrium, the glass transition cannot be classified as a first- or second-order 
thermodynamic phase transition. However, since it resembles so much a second-order 
phase transition the glass transition is termed a pseudo second-order transition. [23, p. 
116] 
At Tg many physical properties of polymers have been observed to change suddenly, 
namely elastic modulus, heat capacity, expansion coefficient and specific volume [22, p. 
44; 26, p. 119], which is plotted against temperature in Figure 2.1. A discontinuity in 
the curve is observed for both totally amorphous (upper curve) and semicrystalline pol-
ymer (middle curve), whereas for the totally crystalline polymers, the curve would be 
straight line (lower curve). There are no disordered chains in the totally crystalline pol-
ymers, due to which no glass transition is observed for them. Melting of the crystalline 
polymer would occur at	 ୫ܶ଴ , which is an equilibrium melting point. This is however just 
theoretical assumption, because there is no polymer produced with 100% crystallinity 
and thus melting of the semicrystalline polymers is always observed at lower tempera-






Figure 2.1 Determination of the glass transition (Tg) and the crystalline melting tem-
peratures (Tm) is presented by expressing specific volume against temperature for the 
totally amorphous (upper curve), semicrystalline (middle curve), and crystalline (lower 
curve) polymer. Melting of the totally crystalline polymer occurs at the equilibrium 
melting point (Tm0). Adapted from [25, p. 546; 28, p. 14] 
 
There are many factors that have an influence on Tg, for example the configuration 
of the polymer, the degree of crystallinity, and the length of the side groups [26, p. 119]. 
The size and structure of side groups affect chain flexibility and its ability to rotate. The 
larger the side group, the more it limits chain rotation and increases Tg. Double bonds, 
polar, and aromatic groups located in the backbone of polymer have the similar effect. 
[25, pp. 547–548] 
2.3 Crystallization 
Polymers, which have a sufficiently ordered structure, are capable to organize into regu-
lar crystalline structure, when they are slowly cooled from their molten states or hot 
solutions [26, p. 24; 27, p. 158]. This process is called crystallization and it occurs 
through nucleation and growth processes [25, p. 544; 27, p. 159]. When crystallization 
is incomplete, semicrystalline structure, containing both amorphous and crystalline re-
gions, is formed. The fraction of crystalline region is described by the degree of crystal-
linity. Crystallization temperature in turn is the point at which crystallization starts 
when cooling from the melt. [26, pp. 24, 121] 
 At the beginning of the crystallization, nuclei of the new phase start to appear in the 
initial one. These particles are capable of growing, when an embryo surpasses the criti-
cal size and becomes stable. Nucleation can be either homogeneous or heterogeneous 
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depending on the point, where it occurs. In the case of homogeneous nucleation, nuclei 
form in every part of the initial phase, whereas for the heterogeneous nucleation it oc-
curs mainly at structural inhomogeneities that can for example be surfaces, impurities or 
grain boundaries. When an embryo has reached the critical size and stabilized, the 
growth process begins, while nucleation continues simultaneously.  
[25, pp. 313, 320] 
Chains organize into lamellar structure, which is in the most of cases the extended 
chain or planar zigzag conformation. When a polymer has larger substituent groups, the 
preferred conformation is a helix. Some polymers tend to organize into spherical struc-
tures, which are termed spherulites. These kinds of structures are composed of lamellar 
crystallites, whose orientation is usually perpendicular to the radial growth direction of 
the spherulite. [27, p. 159] 
2.4 Crystalline melting temperature 
The melting of a polymer is a physical process in which a solid material transforms to a 
liquid, while its structure changes from ordered to a random one. This process is charac-
terized by the melting temperature, Tm, at which the curve of a crystalline material has a 
discontinuity (Figure 2.1). [25, p. 545] It is usually used for purity determination, identi-
fication  of  a  substance,  and  calibration  of  thermometers  and  other  instruments  [22,  p.  
63]. 
The free energy of fusion per a repeating unit of polymer, ∆Gu, is expressed by us-
ing the first law of thermodynamics: 
 
∆ܩ୳ = ∆ܪ୳ − ܶ∆ܵ୳, (2.5) 
 
where ∆Hu is the enthalpy of fusion and ∆Su  is the entropy of fusion per repeating unit. 







The crystalline-melting temperature observed always differs from the theoretical one. 
[27, p. 162] Only pure substances have a single melting point, while polymers have a 
range of temperatures [22, p. 63]. 
Structural factors affecting the melting temperature are similar to those described for 
Tg in subsection (2.2) Molecular weight1 of  polymer  has  also  a  connection  with  the  
magnitude of Tm, for increasing it raises Tm, respectively. [25, p. 547] On the contrary, 
the presence of a plasticizer can reduce Tm [27, p. 159]. As stated above, crystalline  
                                               
1 In this case, molecular mass, molar mass, and relative molecular mass would be more appropriate terms 
than molecular weight. However, it is commonly used in the literature and thus will be used in this thesis 
as well.  
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polymers do not have a single melting temperature. This is because of the presence of 
impurities and molecules with different molecular weights and sizes [25, p. 547]. 
Smaller crystals melt faster than larger and more perfect ones [29, p. 46]. Other affect-
ing factor is possible polymorphism of a polymer, which means that it exists as a mix-
ture of several crystal modifications [22, p. 62].  
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3 POLY(LACTIC ACID) 
Poly(lactic acid) has several names. It is also called polylactide or poly(2-hydroxy pro-
panoic acid), the latter being its systematic IUPAC name. PLA is a rigid thermoplastic 
polymer, which belongs to the family of aliphatic polyesters. It can be produced from 
renewable resources. Moreover, it is biodegradable and when it has been properly dis-
posed of, it will degrade to harmless products, which decompose within two years. Due 
these reasons the polymer has aroused lots of attention lately and its properties have 
been widely studied. The commercial use of poly(lactic acid) is centred in packaging 
industry and medical applications. [2] 
High-molecular-weight PLA is colorless, glossy, and rigid by structure. Due to the 
chirality of its building block, lactic acid, PLA has several different compositions. 
Poly(L-lactic acid) (PLLA) and poly(D-lactic acid) (PDLA) are both optically pure, sem-
icrystalline polymers with similar thermal properties. [30, pp. 538–539] Poly(D, L-lactic 
acid) (PDLLA), in turn, is amorphous by structure due to randomly alternating L- and D-
lactic acid sequences. Ratio of two enantiomers has a great effect on the properties of 
the polymer, including thermal properties and degradation. [31, p. 113]  
PLA is polymorphic material, which means that it has more than one crystalline 
structure. Recently found α’ form has been the center of attention, because it is found to 
be a reason for multiple melting behavior characteristic to the polymer. [3] 
3.1 Structure 
The basic building block of poly(lactic acid) is 2-hydroxypropanoic acid (systematic, 
IUPAC name), which is also called lactic acid (common name). It has, due to a chiral 
carbon atom, two enantiomeric forms, termed (2S)-2-hydroxypropanoic acid and (2R)-
2-hydroxypropanoic acid or (S)-  and (R)-lactic acid, respectively (Figure 3.1). [32, pp. 
3–4] Humans and other mammals produce (S)-lactic acid, while both forms appear in 
bacterial systems [2]. Other method to name enantiomers of a chiral molecule is to use 
the labels L (for laevo) and D (for dextro). This is an arbitrary convention according to 
which two enantiomers of glyceraldehyde were named. Glyceraldehyde was used as a 
standard against which other compounds were compared. Nowadays, this naming prac-
tice is used only for certain, well known molecules, in whose case it is justified due to 
the tradition. [33, p. 389] In the literature the enantiomers of lactic acid are commonly 






Figure 3.1 Structure of (S)- and (R)-lactic acid, which are usually referred as L- and D-
lactic acid, respectively [32, p. 4]. 
 
Step-growth polymerization of lactic acid leads to a low-molecular-weight polymer, 
which is brittle and glassy by structure. Depolymerization of this polymer leads to cy-
clic dimer termed 3,6-dimethyl-1,4-dioxane-2,5-dione (systematic, IUPAC name) or 




Figure 3.2 The three diastereomeric structures of lactide [32, p. 11]. 
 
Lactide can be L-lactide, D-lactide, or meso-lactide (DL-lactide), depending on the enan-
tiomer of lactic acid used. Fourth existing structure is a racemic mixture of L-lactide and 
D-lactide, which is termed rac-lactide. [32, p. 11] Lactide is polymerized further by 
ring-opening polymerization (ROP) to the high-molecular-weight PLA [2]. A more de-
tailed synthetic route is illustrated in the next subsection (3.2). 
The structural formula of PLA is shown in Figure 3.3. The polymer is either amor-
phous or semicrystalline depending on the ratio of two enantiomers. When L-lactic acid 
is polymerized the resulting polymer is poly(L-lactic acid) (PLLA). Polymerization of 
D-lactic acid, in turn, leads to poly(D-lactic acid) (PDLA). Both polymers have same 
kind of properties, such as optical purity and semicrystalline structure. However, the 
properties of PLLA have been more widely investigated, because the building block of 
the polymer, L-lactic acid, can be easily produced from renewable resources by fermen-
tation of sugars from carbohydrate sources (corn, sugarcane, or tapioca) with suitable 
microorganisms. The production of D-lactic by this manner is far more difficult, alt-
hough several natural D-enantiomer producing bacteria are known. [32, pp. 3, 6–7]  
An atactic copolymer referred as poly(meso-lactide) is formed when meso-lactide is 
used as a starting material. Using of equimolar amounts of L- and D-lactide yields to 






















or poly(rac-lactide), whose structure is also atactic but segregated into optical doublets 
of the lactyl group. Both poly(meso-lactide) and PDLLA are amorphous. [30, p. 539] 
Because there are always some meso-lactide impurities present in the production pro-





Figure 3.3 The structural formula of poly(lactic acid) [2]. 
 
PLLA has four different crystal structures depending on preparation methods and 
treatment conditions. The most general structure is the α form that is formed as a result 
of melt or cold crystallization, and solution spinning processes, when using low draw 
ratios and/or low temperatures. The α form is proposed to have a 103 helical structure 
with two antiparallel chains, which are in an orthorhombic unit cell. [35] However, re-
cently Wasanasuk et al. discerned that erasing of the 21 screw symmetry along the mo-
lecular chain results in the crystal structure with higher accuracy [36]. The new model is 
illustrated in Figure 3.4 alongside the most recently found α' form, which has attracted 
much attention lately because it has been noticed to be a source to a multiple melting 
phenomenon of PLLA. The α’ form has the same kind of structure as the α form but its 
side groups are noted to be less ordered and looser. [4] Thus, it has the disordered 103 
helical conformation. According to Wasanasuk et al. it is a completely different crystal-
line form than the α form. They suggested two models, the most probable one of which 
consists of alternating upward and downward chains with relatively high disorder. For 
avoiding the confusion between the α and α’ forms they suggested a new name for the 
latter, namely the δ form. [37] However, in this study the name “α’ form” is still used. 
The β form can be found in the poly(L-lactic acid) fibers. It has a so-called frustrated 
structure,  which  consist  of  three  31 helices  packed  in  a  trigonal  unit  cell.  [38]  The  β 
form can be formed from the α form by stretching at a high draw ratio. This transition 
has been noticed to occur through the α’ form. [37] Another possible preparation meth-














Figure 3.4 The crystal structures of the α (left) and α’ forms (right) suggested by 
Wasanasuk et al [36; 37]. 
 
The melting temperature of β form is lower than the one of the α form, while the latter 
is the more stable structure. [39] The fourth form, γ, is prepared by the epitaxial crystal-
lization. It has two antiparallel 31 helices in an orthorhombic unit cell [40]. 
3.2 Processing 
Poly(lactic acid) can be produced directly from lactic acid by step-growth polymeriza-
tion. Old term, which is still commonly used in literature, is condensation polymeriza-
tion. This, however, leads to a low-molecular-weight PLA, which is glassy and brittle 
by its structure. Commercially more effective routes are depicted in Figure 3.5. Through 
them, it is possible to produce the high-molecular-weight polymer in a high yield. [2; 
32, p. 3] 
Route 1 illustrates the direct step-growth polymerization of lactic acid, during which 
water is condensed out. This is the least expensive method, but it requires the usage of 
coupling agents, which usually complicates the process and raises costs. The first stage 
of polymerization is polymerization of lactic acid to the low-molecular-weight prepoly-
mer. It has both the hydroxyl and the carboxyl end-groups that react with coupling 
agents. Unfortunately, some of them might remain unreacted in the final product along-
side the other impurities. Coupling agents normally used are anhydrides, epoxides, and 
isocyanates. Another possibility is to use esterification-promoting agents, like 
bis(trichloromethyl) carbonate, N,N’-dicyclohexylcarbodiimide, and 1,1’-carbonyl-
diimidazole, which makes the final polymer pure and free from used catalysts or oligo-
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mers. This process involves however high number of steps and requires removing of the 




Figure 3.5 Production routes of poly(lactic acid) with different molecular weights [41]. 
 
Another method to produce the high-molecular-weight PLA is polymerization 
through intermediate product, lactide, the cyclic dimer of lactic acid (Route 2). This 
method patented by Cargill Inc. is nowadays the mostly used process, in which depoly-
merization of two low-molecular-weight poly(lactic acids) yield L-lactide, D-lactide or 
meso-lactide. The mechanism of the formation of lactide ring is presented in Figure 3.6. 
The final product is obtained from lactide by ring-opening polymerization, which can be 
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Figure 3.6 Formation of D-, L-, and meso-lactide from the low-molecular weight pre-
polymer [41]. 
 
The  solvent  is  either  dried  from the  water  with  a  drying  agent  or  chosen  amongst  dry  
organic solvents, which, however, is not so of an ecological option. When diphenyl 
ether is used as a solvent, the most effective catalysts have been reported to be tin com-
pounds, nickel diacetate (Ni(OAc)2),  and methylbenzenesulfonic acid (CH3-Ph-SO3H). 
[42, p. 32] Due to high concentration of catalysts needed some residues remains, which 
can affect the process by leading up to degradation or hydrolysis [43, p. 437]. 
3.3 Thermal properties 
The glass transition temperature defines the upper temperature, at which amorphous 
PLA can be commercially used. For semicrystalline polymer, the melting temperature is 
another determining factor. [30, pp. 538] At the temperatures lower than Tg PLA is  in  
glassy state, while at higher temperatures it is rubbery by its structure. Compared to 
other thermoplastics the glass transition temperatures of PLA are relatively high, while 
its melting temperatures, in turn, are lower. The optical purity of the polymer affects the 


















































factor is molecular weight. Polymers with higher molecular weight have higher Tg. The 
thermal history of PLA should be also taken into account.  Rapid cooling of the molten 
polymer, for example, will lead to the amorphous structure. [1] 
Similarly, the optical purity determines the magnitude of the melting temperature of 
PLA. Both pure PLLA and PDLA have Tm around 180 °C [1] and the equilibrium melt-
ing temperature around 207 °C [2]. Lower L-content leads to lower melting tempera-
tures. The dependence of the Tm on molecular weight is similar as for Tg. Elevated mo-
lecular weights lead to higher Tm values. [1] The effect of the ratio of L- and D-content 
can be seen in Table 3.1, where the glass transition and the melting temperatures of dif-
ferent PLA polymers are expressed. 
 
Table 3.1 The glass transition and melting temperatures of pure PLLA and PDLA, fully 





PLLA 61.2 178.3 
PLA(95) 60.0 150.7 
PLA(90) 58.4 132.4 
PLA(85) 57.0 - 
PLA(80) 54.8 - 
PLA(75) 53.4 - 
PDLLA 50.4 - 
PDLA 61.1 182.0 
 
As stated before, PLA can be either amorphous or semicrystalline. Depending on the 
optical purity and the treatment conditions the polymer can be crystallized from melt. 
Slow cooling rates are required to result in the polymer with high crystallinity. In addi-
tion, L-content should be greater than 90%, otherwise the resulting structure will be 
amorphous. [1] The degree of crystallinity can be calculated from 
  
ܺ	(%) = ∆ܪ୫ − ∆ܪୡ93.1 ∙ 100, (3.1) 
 
where ∆Hm is the heat of fusion and  ∆Hc is the heat of crystallization obtained by DSC 
[30, p. 551]. The value of the enthalpy of fusion of 100% crystalline PLLA and PDLA 
polymers is 93.1 J g-1 [45]. The molecular weight and presence of nucleation agents 
have also an influence on the crystallization process of PLA [1; 30, p. 552]. For exam-
ple talc has shown to be very effective nucleation agent because it reduces the half-time 




3.4 Multiple melting behavior  
Multiple melting behavior has been observed for several semicrystalline polymers [47], 
including poly(ethylene terephthalate) (PET) [48], poly(butylene terephthalate) (PBT) 
[49], and poly(trimethylene terephthalate) [50]. In the case of PLA this phenomenon 
occurs as two endotherms accompanied by a small exotherm at certain temperatures [3]. 
Many authors have investigated the provenance of the double melting peaks and differ-
ent explanations have been proposed. The most popular one has been a melt-
recrystallization model [47 p. 133; 51; 52], according to which the endotherms originate 
from  the  melting  of  the  original  crystals  and  the  crystals  formed  during  the  melt-
recrystallization. An exotherm between the peaks is associated with recrystallization. 
[47, p. 133] 
Other explanations have been dual (or multiple) lamellae population, dual (or multi-
ple) crystal structure or the existence of different crystal structures [15; 51]. The dual 
lamellae population mechanism was first proposed by Cebe and Hong [53] and Bassett 
et al [54]. It states that lamellae with different thicknesses form during DSC experiment. 
The low-temperature endotherm is due to the melting of the thinner lamellae and the 
high-temperature endotherm originates from the thicker lamellae, respectively. [55] 
Polymorphism of the polymer or the presence of the different crystal structures can also 
result in the double melting peaks [15]. 
PLA is known to crystallize as the α form, when the crystallization temperature (Tc) 
is over 120 °C. Below 90 °C, is the recently found α’ form the dominant one and DSC 
curve is characterized with a small exotherm prior to the single melting peak. [14] The 
exotherm has been confirmed to correspond to a disorder-to-order (α’-to-α) phase tran-
sition by Zhang et al. It disappears above 110 °C, while second melting peak appears 
before the first  one.  At first  it  is  significantly smaller than the dominant melting peak, 
but its temperature and magnitude increase with increasing crystallization temperature. 
Simultaneously the first peak gets smaller and eventually disappears. [3] At Tc ≥ 110 °C, 
Shen et al. observed also a third endotherm prior to the two endotherms, when studying 
the crystal modifications and multiple melting behavior of poly(L-lactic acid-co-D-lactic 
acid) (98/2) [17]. 
There have been some suggestions concerning the possible mechanism of the disor-
der-to-order phase transition. Kawai et al. proposed that the transition occurs at 150 °C 
without melting that is through the solid-solid phase transition. They justified this as-
sumption by an observation that the peak temperatures and shapes of the crystallization 
and the melting peaks stay almost unchanged with the varying heating rate. [14] On the 
contrary to that, Shen et al. noticed that the presence of the second melting peak before 
the exotherm in the DSC curve of the α’ form depends strongly on the heating rate, 
which suggest that a melting process involves in the phase transition. They stated also 
that the rate of the phase transition increases with increasing temperature. [17] Accord-
ing to Zhang et al. the α’-to-α phase transition is the first-order transition. At lower tem-
peratures the size of the α’ crystallite increases with increasing Tc.. The α crystallite 
16 
 
starts to appear above 100 °C and the domain size of the α form gets larger, while the α’ 
domain decreases. During the phase transition the lattice spacing of both forms decreas-
es, which refers to more compacted packing of them. [3] Recently Wasanasuk and Ta-
shiro came up with similar conclusions when investigating the phase transition mecha-
nism by X-ray diffraction. The transition from the α’ to α form was observed to occur 
discontinuously at around 120 °C. Increasing temperature activates the thermal motion 
of the chains, which regularizes their conformation and tightens the chain packing of the 
domains.  The  relative  height  of  the  domains  is  adjusted  when the  small  regions  move  
along the chain axis and finally merge into larger, more regular domains.  These do-
mains start to transform to the α form and for some time both forms coexist in the pol-
ymer. More domains transform to the α form with increasing temperature and finally, 
when the temperature gets high enough, a single domain should be formed from larger α 
domains. However, some regions with disorder coexist still, because transformation is 
not completely ideal. [37] 
Origin of the double endotherms for PLLA has been studied by many authors.  Lo-
renzo suggested that the peak at lower temperature (P2) is due to fusion of crystals that 
have a low thermal stability and are formed at Tc or Texo. Structural reorganization leads 
to the perfected crystals that melt at higher temperature (P1). [52] More detailed defini-
tion  was  given  by  Pan  et  al.  According  to  them the  peak  at  lower  temperature  (P2) is 
associated both with the phase transition and the melting of the original α form crystals, 
while the endotherm at higher temperature (P1) arises from the α form formed during 
the phase transition and melt-recrystallization process. [15] The double-melting behav-
ior has also been observed for PLA copolymers. As mentioned before, Shen et al. used 
poly(L-lactic acid-co-D-lactic acid) (98/2) in their studies. They explained the multiple-
melting peaks to originate from lamellae with different thicknesses. The P2 is due to the 
melting of the primary lamellae, while P1 arises from the remelting of reorganized la-
mellae during heating. The third endotherm (P3) was explained with the thinner lamellae 
located in the excluded regions. The α form undergoes the melt-recrystallization mech-
anism, while α’ form undergoes simultaneously both melting and the phase transition. 
[17]  
Alongside the crystallization temperature, the crystallization time is known to also 
affect the shape of DSC curves. With longer crystallization time more perfect crystals 
are formed, which influences the melting process. Lorenzo did not however find signifi-
cant changes in the melting peaks with the crystallization times between 10 and 60 
minutes. [52] Other affecting factors are the heating and cooling rates. Yasuniwa et  al. 
discerned that the curves change significantly with the changing heating rates. Double-
melting peaks are present in the curve when using the heating rate between 0.5 and 10 
°C min-1. With an increasing heating rate the area of the peak P2 increases while the 
peak P1 decreases. According to the melt-recrystallization model, this is due to competi-
tion of the melting and recrystallization processes during heating. An endotherm ap-
pears, when the rate of recrystallization process is slower than that of melting. In other 
words, recrystallization is overwhelmed by melting when using higher heating rates. 
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The effect of the cooling rate on the peaks is completely opposite. The region, where the 
double peaks are observed, is narrower than that in the case of the heating rate, namely 
0.7–3 °C min-1. [56]  
Pan et al. investigated the effect of molecular weight on the multiple melting behav-
ior of PLLA by both DSC and FTIR. They concluded that it has no influence on poly-
morphism. However, crystallization kinetics and rate were noticed to change with the 
changing molecular weight. Increasing molecular weight shifts the crystallization peaks 
to lower temperatures and broadens the peaks. At low crystallization temperatures the 
α’- to α-crystalline phase transition occurs in both the high- and low-molecular-weight 
PLLA. In the low-molecular-weight PLLA all the α’ form crystals do not transform and 
some of them melt during heating, while in high-molecular weight PLLA the phase-
transformation is more complete. [15] 
3.5 Effect of water 
Poly(lactic acid) is known to degrade, when it is exposed to high temperatures or humid 
conditions.  This  process  is  dependent  on  molecular  weight  and  the  crystallinity  of  the  
polymer. [5] Hydrophobicity and semicrystalline structure of a polymer restrain fast 
penetration of water. When the polymer contains some fraction of amorphous phase, 
diffusion of water is focused on these areas. At temperatures lower than Tg, water causes 
the chain segmental motion to increase, which is called the plasticizing effect of the 
diffused water. When the chain length becomes short enough, it enables the original 
amorphous region to rearrange in crystalline domains, which increases crystallinity. At 
higher  temperatures,  hydrolysis  of  ester  bonds  of  PLA occur,  which  is  also  centred  in  
the amorphous region of the polymer. The lactic acid oligomers formed in this reaction 
catalyze the process further. Implant industry take the effect of water very seriously, 
because it may cause implants to fail prematurely. [5; 42, p. 121]  
However, the plasticizing effect of water can also be exploited, when one wants to 
change the shape of the polymer in a controlled way. For example amorphous PDLLA 
has a water induced shape-memory, which makes it very promising material in medical 
devices. [19] 
Degradation of PLA caused by water occurs via hydrolysis (Figure 3.7), whose kinetics 
is controlled by its rate constant, water concentration, temperature, and morphology of 
the polymer. The presence of acids or bases increases the rate of hydrolysis. It is also 
observed to be much greater above the glass transition temperature than below it. Pre-
vention of hydrolysis is not easily done, because PLA is quite permeable to water and 
the reaction is autocatalyzed. Some possible methods are reduction of the number of 
remaining monomers, lowering of the water concentration, and prevention of autocatal-
ysis. At pH 7.4 and temperature of 37 °C, bulk hydrolysis is observed to occur faster 
compared to surface hydrolysis. This is because of the autocatalysis caused by the car-
boxylic acid end groups, which are produced during the hydrolysis process. As stated 
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before, water can penetrate the amorphous regions of polymer, but not the ones, which 




Figure 3.7 Degradation of PLA via hydrolysis reaction caused by water [41]. 
 
There have been reported to be three kinds of water interacting with hydrophilic 
polymers. Non-freezable bound water is closely associated with the polymer matrix and 
it cannot be seen with calorimetric analysis. The freezable bound water is the further-
most water fraction from the matrix and its melting and crystallization differ so much 
from bulk water that those two can be separated. Temperature events of freezable free 
(bulk) water are almost the same as observed for bulk water. [20]  
So far, it has been unclear, how water molecules interact with this polymer. There 
have been many studies about the influence of water on hydrophilic polymers, but for 
some reason hydrophobic polymers, especially PLA, has not been as widely studied. 
Blasi et al. investigated plasticizing effect of water on poly(lactide-co-glycolide). They 










































4 DIFFERENTIAL SCANNING CALORIMETRY 
The history of the differential scanning calorimetry (DSC) begins in principle already in 
the  middle  of  the  19th century, when calorimetry and heating curves were developed. 
After invention of automatic and continuous monitoring of temperature with thermo-
couples, differential thermal analysis (DTA) was publicized. Le Chatelier was the first 
one to use the principle behind the technique, but the first full DTA measurement was 
performed at the beginning of the 20th century. Until 1950s DTA was used only for de-
termination of phase transitions and chemical reactions. When the recording system was 
updated with electronics, quantitative analysis became possible and the instrument was 
called DSC. Further development of technique enabled the direct connection between 
the apparatus and a computer. Nowadays DSC is in common use in many scientific 
fields. The development of technique is lately focused in upgrades of softwares, which 
can be seen in invention of temperature-modulated DSC and the most recently TOPEM, 
which is the advanced multi-frequency TMDSC technique. [11, pp. 329–331] 
In summary, DSC is a technique in which temperatures of a sample and a reference 
are continuously controlled by a temperature program, while a difference between ener-
gy supplied to them is analyzed. The conventional DSC method is used to analyze dif-
ferent thermal properties of several materials, for example polymers, glasses, metals, 
and oils. The most commonly performed measurements are related to thermal transi-
tions of polymers, namely glass transition, crystallization, and melting. [6, pp. 57, 60] 
4.1 Instrument  
Depending on the operating principle of DSC, the commercial instruments can be clas-
sified as either heat flux or power compensation DSCs (Figure 4.1). The apparatus used 
in this study, Mettler Toledo DSC1, belongs to the first class. In this type of DSC both 
the sample and the reference are located in the same furnace. The temperature differ-
ence between them is measured by sensors and converted to the heat flow, Samples are 
inserted into small crucibles, which are, depending on the type of instrument, placed on 
a  disk  or  in  hollow  cylinders.  An  empty  crucible  is  usually  used  as  a  reference.  The  
principle of DTA is very much the same. [6, p. 58; 23, p. 16; 57, p. 5]  
In the disk-type DSC temperature sensors are integrated in the disk or they contact 
the disk surface. In ideal situation the temperature difference between the sample and 
the reference, ∆T, is zero, while heat flows through the disk to them. If a transition oc-
curs in the sample, ∆T is altered. This change is proportional to the difference between 
the heat flow rates directed to the sample and the reference. The furnace of the cylinder-
type DSC has two or more cylinders located in cylindrical holes. Samples can be placed 
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in  the  bottoms  of  them  with  or  without  crucibles.  The  cylinders  are  connected  to  the  
furnace with thermopiles or thermoelectrical semi-conducting sensors, which measure 
the temperature difference between two cylinders. [23, p. 17] 
In the case of a power compensation DSC the sample and the reference are placed in 
two separate furnaces, both of them equipped with an own heating unit and a tempera-
ture sensor. The two furnaces are heated separately, while the temperature difference 
between them is kept in minimum by controlling the heating power directed in the sam-
ple and the reference. When a reaction occurs in the sample, the difference in the heat 
flow rates between the sample and the reference can be assumed to be proportional to 




Figure 4.1 Schematic representation of (a) heat-flux DSC and (b) power compensation 
DSC. Adapted from [6; 58]. 
 
The power compensation DSC can attain higher heating and cooling rates compared 
to the heat flux DSC [57, p. 7]. However, its operating temperature range is usually nar-
rower [58, p. 57]. The temperature range for DSC1 is from -150 to 700 °C when using 
liquid nitrogen cooling. Other possible cooling systems are air cooling, cryostat cooling, 
and IntraCooler. The heating rates of the DSC1 instrument are between 0.02 and 300 °C 
min-1 and the cooling rates are 0.02–50 °C min-1. [59] DSC measurements are in most 
cases carried out in an inert atmosphere, which means that purge gas, usually nitrogen, 
is directed to the measuring chamber. It flushes out both air and gaseous products origi-
nating from the sample with a specified flow rate. [22] Another inert gas used is helium. 
It is also possible to carry out measurements under air or oxygen atmosphere. [60, p. 26] 
Calibration of a DSC instrument is performed by using standards, whose transition tem-
peratures are well known. The most used method is determination of the melting point 
of pure metals, namely indium and zinc [60, pp. 26–28]. 
4.2 Conventional DSC  
In a conventional DSC measurement the difference in the heat flow between the sample 
and the reference, dq/dt is plotted against time, t, or temperature, T. The resulting curve 
can be divided in different sections, namely baseline, steps, and peaks. [23, p. 37] When 
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the reaction is endothermic, for example melting, a sample receives heat from surround-
ings. This can be seen as a decreased heat flow rate in the DSC curve. In the case of 
exothermic reactions this is the opposite. [21, p. 64] The glass transition in turn shows 
as  a  step  in  the  graph  [23,  p.  39].  The  heat  flow  depends  on  the  heat  capacity  of  the  




= ܥ௣ ∙ ݀ܶ݀ݐ . (4.1) 
 
The area limited by the peak and the interpolated baseline, that is, peak area is related to 
the enthalpy change resulting from the thermal event. As stated above, the dq/dt is plot-





݀ݐ = ݍ௣ = ∆ܪ. (4.2) 
 
The resulting enthalpy values can be used when calculating the degree of crystallinity of 
polymers with Equation 2.7 [21, p. 76]. 
 Care must be however taken when interpreting DSC curves. In the compensation 
DSC, endothermic reactions are usually above the baseline. In other words, they are 
positive due to higher heat flow directed into the sample than to the reference. In the 
case of DTA or heat flux DSC, they are directed exactly the opposite way. For this rea-
son it is important to mark the direction of the heat flow. [58, p. 57] 
Several factors affecting DSC curves should also be taken into account, including 
the heating rate, sample mass, calibration, and the purge gas. At high heating rates the 
reaction occurs slowly, which widens the peaks and shifts them to higher temperatures. 
This will eventually lead to the decreased resolution. [6, pp. 22–23; 60, pp. 27, 40] The 
large size of the sample leads to a temperature gradient within it: decomposition of sur-
face and bulk does not occur at the same rate [2, pp. 22–23]. Secondly, it will take more 
time the sample to melt. This causes discontinuity in the curve, while the thermal gradi-
ent appears as a decrease in the slope. Simultaneously peak maximum moves to higher 
temperatures. [60, pp. 27, 31] 
4.3 TMDSC 
Temperature modulated DSC (TMDSC) techniques were first introduced by Reading et 
al. [8]. The great advantage of them, compared to conventional DSC, is their ability to 
separate the reversing and non-reversing components of the heat flow. In TMDSC a 
periodic waveform of small amplitude is superimposed on the linear temperature ramp. 
[7] The most common waveform is a sine wave, which is used in both modulated DSC 
(MDSC, TA Instruments) [8] and alternating DSC (ADSC, Mettler Toledo) [61]. Other 
possible temperature fluctuations are the temperature steps followed by isothermal seg-
ments, sawtooths (in Steady-State ADSC), and a non-periodic stochastic modulation  
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[9; 10]. The latter is used in a new multi-frequency TMDSC technique called TOPEM, 
which will be covered in more detail in the next subsection (4.4).  
When the common temperature program is overlaid with a sinusoidal temperature 
fluctuation, the temperature program can be expressed by the following equation 
 
ܶ(ݐ) = ଴ܶ + ߚ଴ݐ + ܣ୘ ∙ sin(߱ݐ), (4.3) 
 
where T0 is the initial temperature, β0 is the underlying heating or cooling rate, AT  is the 
amplitude of the temperature fluctuation, and  ߱ is the angular frequency of modulation. 
[62] Two assumptions are made concerning all TMDSC techniques: firstly a sufficiently 
long time interval and a small temperature modulation are needed in order to consider 
the DSC as a linear, time-independent system. Secondly the non-reversing reactions can 
be thought to be so slow that they do not fit in the time scale defined above. On the ba-
sis of the first assumption Equation 4.3 can be derived with respect to time, whereupon 




= ߚ଴ݐ + ܣ் ∙ ߱ ∙ cos(߱ݐ). (4.4) 
 
The curves obtained from a TMDSC measurement are the total heat flow, the non-
reversing heat flow, the reversing heat flow, and the complex heat capacity curve. The 
heat flow into the sample is composed of two components: 
 
߶(ܶ, ݐ) = ܥpߚ + ݂(ܶ, ݐ). (4.5) 
 
The first part of the equation is the reversing heat flow that is related to the heat capaci-
ty of the sample, while the second part, f(T,t), is the non-reversing heat flow originating 
from kinetic processes in the sample. [8; 64] In the case of a sinusoidal modulation the 
measured heat flow is 
 
߶(ܶ, ݐ) = ܥp(ߚ଴ + ܣ୘ ∙ ߱ ∙ cos(߱ݐ)) + ݂′(ܶ, ݐ) + ܥ ∙ sin(wt), (4.6) 
 
where f’(T,t) is the underlying kinetic function, when the effect caused by the sine wave 
modulation has been subtracted, C is the amplitude of the kinetic response to the modu-
lation, and (β0 + ATωcos (ωt)) is the sinusoidal heating rate. The total heat flow, ߮୲୭୲ୟ୪, 
can be calculated from the measured modulated heat flow rate by averaging over at least 
one modulation period. It is the same as a conventional DSC curve obtained at the same 
underlying heating rate. [65, pp. 104–105] The non-reversing heat flow in turn is the 
difference between the total heat flow and the reversing heat flow [13; 64]: 
 




Alongside the ability to separate the reversing and the non-reversing heat flow com-
ponents, the great advantage of the TMDSC techniques is determination of the glass 
transition by using the reversing signal, which does not depend on thermal history. High 
heating rate of the modulation component and the Fourier transform results in a good 
signal-to-noise ratio, while lowering the scan rate ensures high resolution. However, 
choosing of the right experimental parameters can sometimes be difficult. The tempera-
ture program should be such that the sample is able to follow it, while the region of in-
terest undergoes at least six modulations. For these reasons slow underlying heating 
rates should be used, which extend the measuring time. There are also transitions, for 
which TMDSC is not a suitable method and the data obtained by TMDSC should be 
compared to the conventional DSC measurements. [57, p. 112; 58, p. 62; 63] 
4.4 TOPEM 
In the basic TMDSC methods temperature-dependent and time-dependent processes can 
be separated. What makes TOPEM different compared to the former methods is its ca-
pability to use different frequencies in a single scan. For TMDSC techniques it was only 
possible to use a sinusoidal temperature modulation of one frequency at a time. In 
TOPEM a large number of frequencies is enabled by using a stochastic modulation, 
which means that overlaying is done by random temperature pulses of different dura-
tions. [66] The resulting curve of the TOPEM measurement is the heat flow signal as a 
function of time. From this the software calculates four curves: total heat flow, revers-
ing heat flow (a sensible heat flow), non-reversing heat flow (a latent heat flow), and 
quasi-static heat capacity, cp0. The  ability  to  determine  the  latter  is  one  of  the  other  
strengths of TOPEM compared to usual TMDSC techniques. [12] 
The assumptions made for other TMDSC techniques are the same in the case of 
TOPEM. The system includes the DSC instrument and a sample placed in a crucible. 
The input signal is the measured heating rate, which originates from the constant under-
lying heating rate and the heating rate of the stochastic temperature modulation. The 
output signal results from the measured heat flow, which is the sum of the sensible and 
















The input signal, u(T) is a superimposition of an underlying temperature program Tu = 
T0+βut: 
 
ݑ(ܶ) = ܶ(ݐ) = ୳ܶ + ߜܶ(ݐ) = ଴ܶ + ߚ୳ݐ + ߜܶ(ݐ), (4.8) 
 
where δT(t) is the stochastic temperature modulation, T0 is the starting temperature, βu is 
the constant underlying temperature program or the underlying heating rate, and t is 
time. [67] The output signal y(t) or measured heat flow can be derived from the input 
signal and the pulse response, g(t) of the system as follows  
 




When the non-reversing reactions are assumed to be slow enough, a DSC system is said 
to be characterized by g(t), which can also be called a transfer function. [12] 
4.4.1 Z-transformation 
After the non-reversing processes are ignored, the next task is to determine the transfer 
function in the required time frame. The technique used to solve this is a discrete La-
place transformation in the z-plane called as a z-transformation. With it one can convert 
a sequence of real or complex numbers, which are discrete time-domain signals, into a 
complex frequency-domain representation. This simplifies the solving of equations of 
the time domain. When the convolution property of the z-transformation is applied to 
Equation 4.9, it can be expressed in the z-plane as follows 
 
ݕ(ݖ) = ܪ(ݖ)ݑ(ݖ), (4.10) 
 
where terms y(z), H(z), and u(z) refer to the z-transforms of y(t), g(t), and u(z). The term 





where B(z) and A(z) are polynomials of degree q and p, respectively. When this is sub-
stituted to Equation 4.10 the following relation is obtained 
 
ݕ(ݖ) = ܤ(ݖ)






ܣ(ݖ)ݕ(ݖ) = ܤ(ݖ)ݑ(ݖ). (4.13) 
 
Applying the inverse z-transformation to Equation 4.13 leads to 
 
ܣ(ݍ)ݕ(ݐ) = ܤ(ݍ)ݑ(ݐ), (4.14) 
 
where q is the shift operator: 
 
ݍ௞ݕ(ݖ) = ݂(ݐ − ݇). (4.15) 
 
This  equation  can  also  be  understood  as  time  delay  of  k time-steps. The polynomials 
A(z) and B(z) in Equation 4.13 can be written as follows 
 
ܽ଴ݕ(ݖ) + ܽଵݖݕ(ݖ) + ܽଶݖଶݕ(ݖ) + ⋯+ ܽ୮ݖ௣ݕ(ݖ)= ܾ଴ݕ(ݖ) + ܾଵݖݑ(ݖ) + ܾଶݖଶݑ(ݖ) + ⋯+ ܾ௤ݖ௤ݑ(ݖ), (4.16) 
 
which turns, after applying time delay to it, to the following form 
 
ܽ଴ݕ(ݐ) + ܽଵݕ(ݐ − 1) + ܽଶݕ(ݐ − 2) + ⋯+ ܽ୮ݕ(ݐ − ݌)= ܾ଴ݕ(ݐ) + ܾଵݑ(ݐ − 1) + ܾଶݑ(ݐ − 2) + ⋯+ ܾ୯ݑ(ݐ − ݍ). (4.17) 
 
Equation 4.17 simplifies to 
 




ݑ(ݐ − ݇), (4.18) 
 
where ai and bi are the unknown parameters of the polynomials A(z) and B(z).This  
equation can be solved by using the prediction-error method (PEM), which is a state-of-
the-art mathematical method. In other words the measured input and output quantities 
are used combined with the least squares fit method in the specific time interval. [12; 
68; 69,  pp. 16–17, 74]  
When there are non-reversing phenomena present in the reaction, Equation 4.18 
changes to the following form 
 




ݑ(ݐ − ݇∆ݐ) + ߶୬୭୬(ݐ, ܿ୬), (4.19) 
 
where ߶୬୭୬(ݐ, ܿ୬) is the non-reversing heat flow and cn is a parameter used to describe 
this term. [63] 
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4.4.2 Reversing and non-reversing heat flow 
The conventional DSC measurements are performed either under isothermal conditions 
or the heating and cooling rates are kept constant. The conventional methods are good 
when the thermal events do not overlap, but when they do, TMDSC methods, like 
TOPEM, are more effective. With them the separation of the sensible and latent heat 
flow components or in other words the reversing and the non-reversing heat flow, re-
spectively, is possible. [67] 
The reversing and the non-reversing heat flows are calculated from the measured 
heat flow. The sum of these two curves is the total heat flow: 
 
߶୲୭୲ୟ୪(ݐ,ܶ) = ߶୰ୣ୴ୣ୰ୱ୧୬୥(ݐ,ܶ) + ߶୬୭୬ି୰ୣ୴ୣ୰ୱ୧୬୥(ݐ,ܶ). (4.20) 
 
The reversing heat flow can be written as follows 
 
߶୰ୣ୴(ݐ,ܶ) = ݉ܿ୮଴(ݐ,ܶ)ߚ, (4.21) 
 
where m is mass, ܿ୮଴(ݐ,ܶ) is the specific heat capacity, and ߚ is the heating rate. The 
reversing heat flow arises from the heat exchange between the instrument and the sam-
ple, which causes the temperature in the sample to change. Because the heat requires 
long time to be removed, sensible heat can only be measured under quasi-static condi-
tions. [12; 70] The non-reversing heat flow in turn is  
 
߶୬୭୬(ݐ,ܶ) = ݉∆ℎ୧ ݀ߙ݀ݐ , (4.22) 
 
where ∆ℎ୧ is the specific enthalpy of a thermal event and α is the extent of reaction. It 
describes the process, which begins far away from equilibrium. [12; 71] 
The non-reversing heat flow is the latent heat flow part of the measured heat flow 
and it derives from a chemical or physical reaction of the sample. That can, for example, 
be non-reversible chemical reaction, crystallization in supercooled liquids, melting ac-
companied by supercooled crystallization or vaporization process. These kinds of pro-
cesses are dependent on the variables that occur far from an equilibrium state, as op-
posed to reversible reactions that take place close to a local metastable state.  [67; 71] 
4.4.3 Quasi-static heat capacity  
The pulse response is used for calculating the frequency independent quasi-static heat 
capacity, cp0: 
 





It is connected to the heat capacity, which is gained from conventional measurements.   
Other parameters that can be calculated from cp0, are in-phase heat capacity, c’p,fi, 
out-of-phase heat capacity, c’’p,fi,  complex heat capacity c*p,fi,  and phase. The user can 
self- select at which frequencies the curves are calculated. The resulting values are used 
when investigating the glass transition region. They give information about the frequen-
cy dependence of Tg. [12] 
4.4.4 Temperature program 
In ideal case a stochastic temperature modulation of the underlying heating rate is based 
on step-shaped pulses, which have small height and whose duration or width changes 
randomly. The temperature fluctuation is given by 
 
ߜܶ(ݐ) = ߜ ଴ܶ ୫݂୭ୢ(ݐ), (4.24) 
 
where δT0 is the maximum temperature fluctuation and fmod(t) is the modulation func-
tion (Figure 4.3), which varies between ±1. The time between separate pulses, the pulse 
width, is called the switching time range, which is limited by the minimum, Δtmin, and 
the maximum limit, Δtmax. These values can be chosen by the user, while the default 




Figure 4.3 Example of a modulation function, fmod. Terms Δtp,i and Δtp,k describe differ-
ent pulse times.  Adapted from [71]. 
 
The maximum temperature fluctuation, δT0,  or  the  amplitude  of  the  temperature  
pulse, is important value concerning linearity conditions. For glass transition and cold 
crystallization, suitable value is 0.5 °C, but when there is a critical phase transition, this 













Figure 4.4 illustrates an example of the temperature program. The straight line is the 
underlying temperature program, which is overlaid by the modulated pulses. It can be 
seen that the DSC cell temperature cannot follow the modulation exactly, because it is 




Figure 4.4 Example of a temperature program used in TOPEM method. Adapted from 
[12]. 
 
In order to get the curves of the quasi-static heat capacity, the total heat flow, the re-
versing heat flow, and the non-reversing heat flow, the measured heat flow curve is 
evaluated by using the method described in the previous chapter. For this, the following 
calculation parameters have to be determined: the width of the calculation and the 
smoothing window and the shift of the calculation window (Figure 4.5).   
The width of calculation is the time interval within which variation of the non-
reversing component is slow enough. It is recommended to be less than one third of the 
transition interval observed in the heat flow curve. This definition, however, has proven 
to  be  too  broad  by  Fraga  et  al.  and  they  suggested  that  the  width  should  be  less  than  
about one tenth. The default is set at 120 s. The time values smaller than this can result 



















Figure 4.5 A calculation window of a certain width is shifted along the measured heat 
flow curve in order to gain the evaluation.  
 
After every shift of the calculation window by certain time increment a new calculation 
is carried out. This means that the calculation time is smaller when using higher shifting 
values, but this may also result in noise. The shift of the calculation window is usually 
10 s. The window used for the smoothing filter covers a certain time interval, which is 
also called the width of the smoothing window. Wider smoothing window prevent 
noise,  but  again  too  large  values  can  smooth  non-reversible  effects,  as  well.  For  this  
reason, the value of 90 s is recommended. [72] 
4.4.5 Advantages and disadvantages of TOPEM 
The stochastic modulation used in the TOPEM method enables one measurement over a 
large frequency range as a function of both time and temperature. This eases the separa-
tion of effects that shift with frequency (e.g. glass transition) and those that are frequen-
cy-independent (e.g. loss of moisture). The frequency range is broadened by the PEM 
technique, which also removes the effects originating from the instrument. With 
TOPEM it is also possible to determine the quasi-static heat capacity and to separate 
reversing and non-reversing processes. [12] 
Although TOPEM is a promising method it has some disadvantages too. It is not a 
suitable method to measure melting of pure substances (e.g. indium). This is due to ina-
bility of the sample to follow a temperature modulation because its temperature does not 
change during the melting process. Secondly, the linearity of the measurement must be 
confirmed when studying other melting processes. [13] Choosing the right evaluation 
parameters can also be difficult. The shape of curves varies significantly with different 
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5 FOURIER TRANSFORM INFRARED SPEC-
TROSCOPY 
Infrared (IR) radiation occurs between the visible and microwave regions in the elec-
tromagnetic spectrum. It is divided in three regions, namely the near-infrared (14.290–
4000 cm-1), the mid-infrared (4000–400 cm-1), and the far-infrared region (700-200 cm-
1). An organic molecule can absorb specific frequencies of infrared light, which corre-
spond to the frequency of the particular bond or group vibrating. A technique used to 
measure this absorption is called Fourier transform infrared (FTIR) spectroscopy. 
Measurements performed by it are usually carried out in the mid-infrared region. [18, p. 
3; 74, p. 369]  
IR spectra consist of vibrational bands arising from different types of molecules. 
Different structures have characteristic wavelengths, λ (μm), at which they absorb light 
and when band intensity is plotted against wavenumber, ̅ݒ (cm-1), the characteristic 
wavelengths can be located in the spectrum. Wavelength, which was used earlier in the 






The band intensities can be expressed either in absorbance (A) or transmittance (T). 
The transmittance is usually used, when analyzing spectra, while absorbance units are 
for quantitative work. [18, p. 3; 75, pp. 71–72]  
5.1 Instrument 
Operating principle of the transmission technique is illustrated in Figure 5.1. The source 
sends a light beam with an intensity of I0, which travels through the sample to the detec-
tor. The sample absorbs some wavelengths of light, which results in the altered intensi-
ty, I. The absorbance spectrum can be calculated then from the ratio of I0 and I with the 
following equation 
 
ܣ = log(ܫ଴ ܫ⁄ ), (5.2) 
 
where A is the absorbance. The absorbance in turn is related to the concentration of the 




ܣ = ߝܿ݀, (5.3) 
 
where ε is the molar absorption coefficient, c is concentration, and d is the thickness of 
the sample. [18, pp. 5–6] For this reason absorbance units should be used for quantitive 




Figure 5.1 Schematic view of an instrument operating with the transmission technique. 
Adapted from [74]. 
 
When spectra are expressed in transmittance units, Equation 5.2 transforms to the 
following form 
 %ܶ = 100	 ∗ log(ܫ଴ ܫ⁄ ), (5.4) 
 
where %T is percent transmittance. Because transmittance is mathematically related to 
absorbance, %T units can be easily converted into the absorbance units and vice versa. 
[18, pp. 5–6]  Typical samples analyzed with the transmittance mode are thin films, 
liquids, and solids. KBr technique is usually used for powders and solid materials. In 
this method KBr and sample powders are mixed together and the mixture is exposed to 
pressure. Only sample particles are visible in the resulting pellet, for KBr is transparent 
in the measurement region. KBr tablets are also used when measuring liquid samples. 
The drop of liquid is placed between two pellets, which are positioned in a sample hold-
er. Thin films are prepared by a cast film technique, in which the sample is dissolved in 
a suitable solvent. The solution can be casted over KBr tablet or flat surface, from 
where the resulting film is then removed. [72, pp. 87, 89–90, 100, 106]  
Another experimental technique is attenuated total reflectance (ATR), which is 
meant especially for samples that are too thick or whose absorbance is too high to be 
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determined by transmission technique. It can also be used in cases when the sample 




Figure 5.2 Operating principle of the ATR technique. A Sample is positioned on a crys-
tal through which light is directed to the sample at an angle of θ. The crystal has a 
greater refractive index (n1) than the sample (n2). Light penetrates a few wavelengths 
(dp) into the sample. Adapted from [18]. 
 
The sample is positioned on a crystal through which the light beam is directed to the 
sample at a certain angle. Because the refractive index of the crystal (n1) is higher than 
the one of the sample (n2), light penetrates a few wavelengths (dp) into the sample and 
reflects then back. [74, p. 371] 
5.2 Advantages and disadvantages of FTIR 
FTIR is a relatively easy method to study the properties of polymers. The measurements 
are fast and preparation of a sample can be carried out easily without damaging it. IR 
light does not change the sample, thus it can be measured repeatedly. In addition, FTIR 
has high signal-to-noise ratio and is a very sensitive technique.  [18, p. 14; 74, p. 376] 
However, the presence of water or carbon dioxide can complicate interpretation of 
spectra,  while their  absorption bands can overlap with the other bands.  Impurities pre-
sent  in  the  sample  cause  also  appearance  of  additional  peaks.  The  one  drawback  of  
transmission technique is the opacity problem, which means that a too concentrated 
sample absorbs all the light resulting in broad and misshaped peaks. [18, pp. 16, 87–88; 




The materials and methods used in this study are described in this chapter. Semicrystal-
line  P(L/D)LA with  various  compositions  was  investigated  by  DSC.  Thermal  analysis  
of multiple melting behavior of PLA was performed by using the new temperature-
modulated technique termed TOPEM and the results were compared to the ones ob-
tained  with  conventional  DSC.  Also,  the  plasticizing  effect  of  water  on  amorphous  
PDLLA was investigated by FTIR. All the measurements were done with a transmission 
technique and the transmittance units were converted into the absorbance units in order 
to obtain the quantitative results. 
6.1 Materials 
Poly(L/D-lactic acid) with a 1 and 4% of D-lactic acid content (P(L/D)LA 99/1 and 96/4) 
was  purchased  in  the  form  of  granules,  from  which  the  samples  of  suitable  mass  and  
shape were cut for DSC measurements. The material was used directly without further 
purification or treatment. 
Samples for FTIR analysis were prepared from medical grade poly(D,L-lactic acid) 
(PDLLA, R207 S) powder which was obtained from Böhringer Ingelheim. The weight 
average molecular weight and the number average molecular weight of the raw material 
were 225,287 and 100,847 g mol-1, respectively. The polydispersity index of the un-
treated polymer was 2.23. After gamma sterilization molecular weights were 68,842 and 
34,526 g mol-1, while the polydispersity index was 2.19.  
PDLLA powder was dissolved in acetone and the solution was casted on a Petri 
dish. The resulting film was carefully removed and stretched over round mountings, to 




Figure 6.1 The PDLLA cast films attached to the mounting frames by the PLA string. 
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Three of the films were gamma sterilized before the measurements, while the other 
three were left untreated. All cast films were dried in vacuum before the analysis in or-
der to remove remaining water.  
6.2 Differential scanning calorimetry 
Measurements of thermal behavior of PLA were performed with a Mettler Toledo 
DSC1 differential scanning calorimeter equipped with sample robot and liquid nitrogen 
cooling accessory. STARe software was used to control the experiments and to evaluate 
the measured curves. The instrument was calibrated by using indium, zinc, water, and 
heptane as standards. Polymer samples of ca. 6 mg were weighed and sealed in alumi-
num pans with pierced lids. Scans were carried out under a nitrogen flow of 60 ml min-
1.  
6.2.1 Dynamic DSC analysis 
The dynamic DSC scans without crystallization were carried out from 5 to 200 °C at the 
heating rate of 20 °C min-1. This method was also used to remove the thermal history of 
the samples before each measurement. All DSC curves were normalized with respect to 
the sample mass and reference temperature. 
6.2.2 Isothermal DSC analysis 
Multiple melting behavior of PLA was studied by crystallizing the samples isothermally 
at various temperatures. First, thermal history of the samples was erased by heating 
them from room temperature to 200 °C at the heating rate of 20 °C min-1, after which 
they were first cooled to 0 °C and then heated to the desired crystallization temperature 
(Tc)  at  the rate of 5 °C min-1, where they were held for one hour to attain crystallized 
structure. This treatment was followed by cooling the samples back to 0 °C. Finally the 
samples were reheated from 0 to 200 °C at the rate of 5 °C min-1 in order to study the 
melting behavior.  
The crystallization of the samples was also performed for three hours. The tempera-
ture programs used were almost similar than described above but the heating and cool-
ing rates were faster, namely 20 °C min-1 in each section.  
6.2.3 TOPEM analysis 
Suitable measurement parameters for TOPEM analysis were determined by preliminary 
studies. The heating rates of 0.1–0.5 °C min-1 and the pulse heights of 0.005–0.05 °C 
were tested. A suitable width for the calculation window was determined by comparing 
the total heat flow curve to the mean value of the measured heat flow curve.  
After preliminary measurements the following parameters were chosen: TOPEM 
analyses of P(L/D)LA 99/1 were performed by using the underlying heating rate of 0.25 
°C min-1 and the pulse height of 0.05 °C. Evaluations of the measured heat flow curves 
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were done by using the calculation window of 225 s. In the case of P(L/D)LA 96/4 the 
underlying heating rate was 0.5 °C min-1 and the pulse height was 0.05 °C. The width of 
the calculation window used was 175 s. Default values of other parameters were used: 
the switching time range was set  as 15–30 s,  the shift  of calculation window was 10 s 
and the width of smoothing window was 90 s.  
The samples were analyzed both without any pretreatment and after crystallization 
for one and three hours at various temperatures. The methods used for crystallization 
were the same as in the conventional DSC measurements, except for the last heating 
segment, which was replaced by the TOPEM scan. 
6.3 FTIR Spectroscopy 
FTIR spectra were measured with a Perkin Elmer Spectrum One FT-IR Spectrometer at 
a resolution of 4 cm-1. For every spectrum 8 scans were done from 4000 to 450 cm-1 in a 
transmission mode and the resulting spectra were converted to absorbance format.  
After the first measurement the samples were placed into a drying oven at the tem-
perature of 37 °C. Two of the films (Film 1 and Film 2) were put into water, which was 
tempered beforehand to 37 °C, while the third film (Film 3) was kept in the oven with-
out water treatment. Film 1 was measured with FTIR after 24 hours and again after 48 
hours. Film 2 was kept in water without intermediate measurements and was analyzed 
next time after one week of immersion. Third film (Film 3), which was kept in the oven 
without water treatment, was measured at the same times as Film 1.  
Films 4-6 were gamma sterilized. Similar procedure was carried out to them as in 
the case of first three films: Film 4 underwent water treatment with intermediate meas-
urements, while Film 5 was kept constantly in water for seven days. Film 6 in turn was 
kept in the oven without water treatment. 
In order to compare the results for both untreated and gamma sterilized samples the 
curves were normalized. This was done by using the signal of the band, which is shared 
by all the samples and stays unchanged during water treatment. The spectrum of the 
vacuum dried Film 1 was used as reference for all of the spectra, which were normal-
ized with respect to absorption intensity of the asymmetric bending of the CH3 group at 
1454 cm-1. The band is stated to be a suitable standard due to its isolated position in the 
spectrum. Additionally its wavenumber does not change during water treatment and 
there are only slight changes in intensity. Normalization should remove the experi-
mental  error  arousing  from the  different  thicknesses  of  the  samples.  [76]  Because  the  
baseline deviated from zero absorbance, the real absorbance of the peak was obtained 




7 RESULTS AND DISCUSSION 
The results obtained for poly(lactic acid) of different compositions are presented below. 
Multiple melting behavior of PLA has already been widely investigated by the conven-
tional DSC method, which provides a large number of materials for comparing the re-
sults obtained with the conventional DSC in this work. As for TOPEM measurements, 
they are compared to analogous studies performed by basic TMDSC methods. Addi-
tionally, the results obtained from FTIR analysis are given and compared to the refer-
ence values. The possible explanations for observed events are discussed in each case. 
7.1 Conventional DSC measurements of P(L/D)LA 99/1 
and 96/4 
The peak temperatures and crystallinity values of P(L/D)LA 99/1 and 96/4 measured by 
the conventional DSC method are presented in Table 7.1. The heating scan from 5 to 
200 ºC with the heating rate of 20 °C min-1 was performed twice to examine the behav-
ior of the samples before and after removing the thermal history. The degree of crystal-
linity  was  calculated  from Equation  3.1  by  using  a  value  of  93.1  J  g-1 for the heat of 
fusion  of  the  pure  PLLA  crystal  [45].  In  Figure  7.1  the  DSC  curves  of  both  samples  
obtained during the first and second heating scans are illustrated.  
 
Table 7.1 Thermal characteristics of the PLA samples with different D-content. 
Material Scan Tg (ºC) Tc (ºC) Tm (ºC) X (%) 
P(L/D)LA 99/1 1st 68.43 157.87 171.51 39.4 
2nd 60.01 128.87 167.41 1.3 
P(L/D)LA 96/4 1st 65.08 - 156.65 37.5 






Figure 7.1 DSC curves of P(L/D)LA 99/1 and 96/4 for the first and second heating 
scans. The curves have been shifted vertically for clarity. 
 
The first heating curve of P(L/D)LA 99/1 is characterized by the glass transition at 
60.01 ºC and the melting peak at 171.51 ºC. Prior to the endotherm there is a small ex-
otherm at 157.87 ºC. From the first heating curve of P(L/D)LA 96/4 the glass transition 
can be detected at 62.49 ºC and the melting peak at 156.65 ºC. The crystallinity value of 
both samples is ca. 40%, which indicates that they are semicrystalline materials. During 
the second heating scan the areas of endotherms of both samples decrease significantly 
and the peaks shift to lower temperatures. The small exotherm of P(L/D)LA 99/1 is re-
placed by a broader one and some crystallization is observed for P(L/D)LA 96/4, as 
well. The enthalpy relaxation detected in the first heating scan curves is removed and Tg 
measured during the second scan is higher for P(L/D)LA 99/1 than for P(L/D)LA 96/4.  
7.1.1 Crystallization of P(L/D)LA 99/1 and 96/4 for one hour 
Isothermal crystallization of PLA was performed at various temperatures (Tc) ranging 
from 80 to 130 °C. The thermal characteristics of P(L/D)LA 99/1 after one hour of crys-
tallization are shown in Table 7.2. A small exotherm (Pexo) at temperature Texo appears 
at every Tc prior to the single melting peak (P1) at temperature Tm1. At 80 °C, there is 
also another crystallization peak (Pcc) at Tcc before Pexo due to cold-crystallization. At Tc 
≥ 100 °C, an additional melting peak (P2) at temperature Tm2 is observed. The crystalli-
zation temperature affects the position of the peaks. The peak values in Table 7.2  show 
continuous but not linear increase with increasing Tc. In the case of P1, the change is not 
as significant compared to the other peak temperatures. The degree of crystallinity var-
ies between 45 and 52%. 
 
 


























Table 7.2 Thermal properties of P(L/D)LA 99/1 determined after crystallization for one 
hour at various temperatures. 
Tc (°C) Tg  (ºC) Tcc (ºC) Tm2 (ºC) Texo (ºC) Tm1 (ºC) X (%) 
80 62.69 95.81 - 149.82 167.68 45.3 
90 66.18 - - 151.32 167.83 44.7 
100 64.19 - 148.30 155.15 168.24 46.1 
110 64.77 - 149.88 154.80 168.59 48.1 
118 64.98 - 151.12 155.79 166.53 52.2 
120 64.52 - 149.63 - 168.71 50.2 
125 64.54 - 151.54 - 168.59 51.2 
130 64.42 - 152.54 - 168.59 51.1 
 
Similarly, thermal behavior of P(L/D)LA 96/4 was investigated after one hour of 
crystallization. Values obtained in the measurements are presented in Table 7.3. At Tc  > 
90 °C, P2 appears. The area and the temperature of the peak increase with increasing Tc. 
Simultaneously, P1 shifts to the higher temperatures, while its area decreases. Finally, at 
Tc ≥ 110 °C,  only  a  single  peak  (P1) is observed. The corresponding DSC curves are 
presented in Figure 7.2 (a) and (b). 
 
Table 7.3 Thermal characteristics of P(D/L)LA 96/4 recorded after crystallization for 
one hour at various temperatures.  
Tc (°C) Tg (ºC) Tcc (ºC) Tm2 (ºC) Tm1 (ºC) X (%) 
80 58.69 124.32 - 151.85 1.4 
90 59.33 114.39 142.87 153.31 16.5 
100 60.68 - 147.13 154.40 36.1 
105 60.36 - 148.52 154.59 39.0 
110 60.56 - - 150.09 35.1 
118 60.06 - - 152.10 39.0 
120 59.02 - - 152.83 39.4 
125 59.27 - - 154.14 40.9 







Figure 7.2 DSC curves obtained for (a) P(L/D)LA 99/1 and (b) P(L/D)LA 96/4 after 
one hour of crystallization at temperatures between 80 and 130 °C. The curves have 
been shifted vertically for clarity. 
 
Clearly, in the case of P(L/D)LA 99/1, one hour is not sufficient for the appearance 
of the second melting peak. This can be assumed to be due to the higher L-content of the 
sample compared to P(L/D)LA 96/4, because both endotherms are observed for the lat-
ter. Pan et al. attained similar results when studying the effect of molecular weight on 
the double melting behavior of poly(lactic acid). They observed Pexo at Tc < 100 °C for 
the sample with high molecular weight (Mn=118.3 kg mol-1),  while  in  the  case  of  the  
sample with the lower molecular weight (Mn=15.4 kg mol-1) P2 is visible instead of Pexo. 
However, they did not report the amounts of the L- and D-enantiomers and referred to 
the polymer only as PLLA. [15] Based on this, it is difficult to say, whether they had the 
sample consisting only of an L-enantiomer or whether there was some D-enantiomer in 
the polymer, as well.  
7.1.2 Crystallization of P(L/D)LA 99/1 and 96/4 for three hours 
Since one hour was apparently not enough for P(L/D)LA 99/1, crystallization for three 
hours was carried out. The results presented in Table 7.4 show that in this time P2   can 
be observed to appear and disapper in the DSC curves. As in the case of P(L/D)LA 
96/4, the peak temperatures of both P1 and P2 increase with increasing Tc. At 80 ≤ Tc ≤ 
100 °C, Pexo is observed, while at temperatures above 110 °C it is replaced by P2. When 
Tc is above 125 °C, only a single melting peak, P1,  is  present.  The  degrees  of  






































































Table 7.4 Thermal values of P(D/L)LA 99/1 obtained after crystallization for three 
hours at various temperatures. 
Tc (°C) Tg (ºC) Tcc (ºC) Texo (ºC) Tm2 (ºC) Tm1 (ºC) X (%) 
80 60.15 111.32 149.47 - 167.89 28.9 
90 65.07 - 151.23 - 168.01 44.1 
100 65.01 - 155.63 153.03 168.57 47.8 
110 64.49 - - 162.68 170.02 52.1 
115 64.89 - - 164.35 170.31 52.4 
118 62.55 - - 164.99 170.18 57.5 
120 62.06 - - 165.66 170.21 59.3 
125 64.93 - - - 166.76 59.8 
130 64.43 - - - 167.91 61.6 
 
The P(L/D)LA 96/4 sample was also crystallized for three hours in order to deter-
mine, whether crystallization time has some influence on the curves. The peak tempera-
tures of thermal events (Table 7.5) show that in this case the endotherms occur at slight-
ly higher temperatures, but apart from that there is no significant difference between 
them and the ones recorded after one hour of crystallization. Figure 7.3 (a) and (b) show 
the corresponding DSC curves of both P(L/D)LA 99/1 and 96/4  samples. 
 
Table 7.5 Thermal characteristics of P(D/L)LA 96/4 measured after crystallization for 
three hours at various temperatures. 
Tc (°C) Tg (ºC) Tm2 (ºC) Tm1 (ºC) X (%) 
80 60.58 - 152.63 7.4 
90 61.92 143.53 153.47 32.8 
100 61.02 147.56 154.00 37.7 
105 61.45 149.03 154.19 37.3 
110 60.43 - 150.49 41.2 
115 60.07 - 151.81 41.6 
118 60.58 - 152.63 41.9 
120 60.01 - 153.22 42.6 
125 59.73 - 154.66 40.7 







Figure 7.3 DSC curves of P(L/D)LA 99/1 and 96/4 obtained after three hours of crys-
tallization at temperatures between 80 and 130 °C. The curves have been shifted verti-
cally for clarity. 
 
From these results it can be concluded that the higher D-content advances the ap-
pearance of the second melting peak. In the case of P(L/D)LA 96/4 the temperature 
range where both endotherms are visible is observed at 20 °C lower temperatures than 
for P(L/D)LA 99/1. 
7.2 TOPEM measurements of P(L/D)LA 99/1 and 96/4 
In order to carry out TOPEM measurements, suitable parameters were determined first. 
While the preliminary studies were performed, it turned out that the samples with dif-
ferent D-content required slightly different experimental conditions. The parameters 
tested were the underlying heating rate, pulse height, and the width of the calculation 
window. The latter was also used to ensure the stationarity of the chosen program. The 
linearity of the measurement was checked by comparing the reversing heat flow curves 
recorded with two different pulse heights. The chosen parameters were used in TOPEM 
measurements to study double melting behavior of PLA after one and three hours of 
crystallization. 
7.2.1 Selection of the optimal measurement parameters 
The heating rates between 0.1 and 1 °C min-1 were tested. The recommended rates are 
between 0.5 and 2 °C min-1, except in the case of melting, for which the heating rate of 
lower than 0.1 °C min-1 is recommended. The heating rate is known to affect the evalua-
tion parameters, especially the width of the calculation window. That is why care must 
be taken to select suitable parameters. Influence of the heating rate on the DSC curves 

































































of P(L/D)LA 99/1 and P(L/D)LA 96/4 is shown in Figure 7.4 and Figure 7.5, respec-




Figure 7.4 The effect of the heating rate on (a) the total, (b) non-reversing, and (c) re-
versing heat flow curves of P(L/D)LA 99/1. The pulse height was 0.05 °C and width of 
calculation window was 225 s. The curves have been shifted vertically for clarity. 
 
Changing of the heating rate affects all the curves. The peak detected on the total 
heat flow curve of P(L/D)LA 99/1 shifts to lower temperature and its area increases 
with an increasing heating rate. However, in the case of the non-reversing heat flow 
curve, the shape of the peak alters as well. Two lower heating rates, 0.1 and 0.25 °C 
min-1, are very similar, although the peaks detected with 0.1 °C min-1 are quite small. 
Noise is present in the curves, which were recorded at the heating rate of 0.5 °C min-1. 
In the reversing heat flow curve there is also a wide exotherm prior to a splitted melting 
peak. For these reasons the heating rate parameter of 0.25 °C min-1 was selected for the 
following investigations of P(L/D)LA 99/1. 
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Figure 7.5 The effect of the heating rate on (a) the total, (b) non-reversing, and (c) re-
versing heat flow curves of P(L/D)LA 96/4. The pulse height was 0.05 °C and width of 
the calculation window was 175 s. The curves have been shifted vertically for clarity. 
 
The effect of the heating rate on the TOPEM curves of P(L/D)LA 96/4 is not as re-
markable as for P(L/D)LA 99/1. On the non-reversing and reversing heat flow curves, 
however, the peaks become relative small and thermal events are harder to distinguish at 
the slower heating rates. Thus, in this case the heating rate parameter of 0.5 °C min-1 
was selected for the following measurements of P(L/D)LA 96/4. 
The pulse height has also an influence on the melting peak. Recommendation for 
glass transition, crystallization, and evaporation is ±0.5 °C, which has been set as a de-
fault in the software. For melting and phase transitions of first or second order this value 
should be much smaller, namely between ±0.05 and ±0.001 °C. If the pulse height is set 
too low, it gives noisy results, whereas too large values induce non-linear conditions. 
The effect of the pulse height on total heat flow curves is demonstrated in Figure 7.6. 
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Figure 7.6 The effect of the pulse height on (a) the total, (b) non-reversing, and (c) re-
versing heat flow curves of P(L/D)LA 96/4. The heating rate was 0.5 °C min-1 and the 
width of the calculation window was 175 s for each evaluation. The curves have been 
shifted vertically for clarity. 
 
Pulse heights of 0.005 °C, 0.02 °C, and 0.05 °C were tested for P(L/D)LA 96/4, 
while the heating rate was kept as 0.5 °C min-1 in each measurement. All of the selected 
pulse heights are within the limits given for melting. The smallest  pulse height can be 
eliminated easily, because the total heat flow curve differs significantly from the meas-
ured heat flow curve. This can also be observed in the non-reversing heat flow curve, 
where two additional exotherms are present. The total heat flow curves recorded with 
the  pulse  heights  of  0.02  and  0.05  °C are  very  similar.  However,  there  is  some noise  
present in the non-reversing and reversing heat flow curves of smaller pulse height. For 
these reasons the best choice is the pulse height of 0.05 °C. Because this was detected to 
be a suitable value also for P(L/D)LA 99/1, no further examination was performed in 
that case.  
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7.2.2 Stationarity and linearity of the TOPEM measurements of P(L/D)LA 
99/1 and 96/4 
The response function of the system is calculated from the measured heat flow. For this 
the user sets a calculation window width, within which the TOPEM evaluation is made. 
The recommended width is less than or equal to one third of the width of the transition 
interval. A default value is set as 120 s in the software. [66]  
Because the width of calculation window has a great effect on the curves, compari-
son between different window sizes were made. The correct width should be the one 
that generates the total heat flow curve having a good fit with the measured heat flow 
curve, whereupon the stationary condition of the measurement is fulfilled. This was 
verified by using the method described by Parmentier [73]. The total heat flow curve 
was subtracted from the measured heat flow curve, after which the amplitudes of the 
resulting curve were summed up. If there were large variations between the curves, the 
sum was higher.  
The calculation windows obtained from summing of the amplitudes, tcw2, for the 
PLA samples with different D-content and crystallization times, tc, are presented in Ta-
ble 7.6 The width of the calculation window was predicted for each measurement indi-
vidually, but only one Tc is presented here as an example. At this particular temperature 
the double melting peaks are visible for both samples. Recommended calculation win-
dow, tcw1, was calculated from the transition interval, ∆t, by dividing it by three.  
 
Table 7.6 The transition intervals, ∆t, of P(L/D)LA 99/1 and 96/4 obtained with differ-
ent crystallization times, tc, temperatures, Tc, and heating rates, β. Calculated widths of 
the calculation window, tcw2, are compared to the recommended widths, tcw1. 
Sample tc (min) Tc (°C) β (°C/min) ∆t (s) tcw1 (s) tcw2 (s) tcw2 /∆t 
P(L/D)LA 99/1 60 100 0.25 3120 1040 225 1/14 
P(L/D)LA 99/1 180 100 0.25 2880 960 225 1/13 
P(L/D)LA 96/4 60 100 0.5 1920 640 175 1/11 
P(L/D)LA 96/4 180 100 0.5 1680 560 175 1/10 
 
In the case of P(L/D)LA 99/1 transition intervals and calculation windows are wider 
compared to P(L/D)LA 96/4. When tcw2 is divided by ∆t,  the obtained ratio is  ca.  one 
tenth for both samples. This supports a remark made by Fraga et al. that the recom-
mended width is too broad [66]. Sum of amplitudes is plotted against the corresponding 
calculation window in Figure 7.7. For P(L/D)LA 99/1 sums are higher because the 






Figure 7.7 Sum of amplitudes plotted against the different widths of calculation window 
for P(L/D)LA 99/1 after crystallizing for (a) one and (b) three hours. Similarly, for 
P(L/D)LA 96/4 after crystallizing for (c) one and (d) three hours. The calculation win-
dow with the lowest sum of amplitudes is marked with a circle. 
 
The difference between the sums is significantly small and the calculation windows 
with the width close to tcw2 give very similar curves. However, the further tcw gets from 
tcw2 the more the total heat flow curve differs from the mean value of measured heat 
flow. This variation is illustrated in Figure 7.8, where the total heat flow curves of 
P(L/D)LA 96/4 obtained with tcw ranging between 30 and 800 s are compared to the 
measured heat flow curve. 
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Figure 7.8 Comparison of the measured heat flow curve (grey) of P(L/D)LA 96/4 and 
total heat flow curves calculated from it by using the calculation windows with different 
widths. The sample was crystallized for one hour at 100 °C before the TOPEM meas-
urement. The following TOPEM parameters were used: the underlying heating rate of 
0.5 °C min-1 and the pulse height of 0.05 °C. The red (solid) curve shows the evaluation 
done with the calculation window width of 175 s. 
 
The total heat flow curve follows the average of the measured heat flow curve quite 
well up to 300 s, but when the width gets over 500 s, curves do not correlate any more. 
Using the calculation window width of 800 s produces splitted peaks. Even though the 
total heat flow curves evaluated with tcw close to the best calculated one (175 s) do not 
differ much, it should be taken into account that the effect can be much greater on the 
reversing and non-reversing heat flow curves. For this reason they should be examined 
closely as well when choosing the suitable width. This can however be difficult when 
the behavior of the sample material is not known beforehand.  
The linearity of the measurement should be taken into account as well. This was 
done by comparing the reversing heat flow curves of P(L/D)LA 96/4 obtained by two 
different pulse heights (Figure 7.9), while the heating rate used was the same, namely 
0.5 °C min-1. The pulse heights of 0.005 and 0.05 °C were used.  
 



























Figure 7.9 Linearity test performed with TOPEM to P(L/D)LA 96/4, which was crystal-
lized before the TOPEM measurement at 100 °C. Black and red curves are the reversing 
heat flow curves obtained with the pulse heights of 0.005 and 0.05 K, respectively. The 
blue curve is the difference between them. The heating rate was 0.5 K/min and the width 
of the calculation window 175 s.  
 
Linearity condition is said to be fulfilled if the reversing heat flow does not depend on 
the intensity of the temperature modulation [13]. The blue curve is the difference be-
tween  the  reversing  heat  flow  curves  obtained  with  different  pulse  heights.  It  follows  
the straight line quite well, and thus it can be concluded that linear conditions are satis-
fied. However, as stated above, the pulse height of 0.005 °C is not suitable for these 
measurements.  
7.2.3 TOPEM analysis of P(L/D)LA 99/1 
The TOPEM measurement performed for P(L/D)LA 99/1 without preliminary crystalli-
zation is shown in Figure 7.10. The total heat flow curve is characterized by a crystalli-
zation peak at 92.91 °C and a smaller exotherm (Pexo) at 154.75 °C  prior  to  a  single  
melting peak (P1), which is placed at 168.82 °C. These values are somewhat smaller 
than those measured by the conventional DSC during the first heating scan (see Figure 
7.1). However, they cannot be exactly compared because the heating rates used are not 
the same. Crystallization processes and the major part of melting are observed in the 
non-reversible curve. The reversing heat flow curve is characterized by two small endo-
therms, (Figure 7.10 (b), lowest), the first of which occurring simultaneously with the 
exotherm. This obeys the previously suggested melt-recrystallization model [15; 51; 
56]. 
 























Figure 7.10 The (a) measured heat flow of P(L/D)LA 99/1, from which the (b) non-
reversing (upper), total (middle), and reversing heat flow (lower) curve alongside (c) 
quasi-static heat capacity curve are evaluated. The sample was not crystallized before-
hand. The underlying heating rate was 0.25 °C min-1 and the pulse height was 0.05 °C. 
The width of the calculation window was 225 s. 
 
Next, the melting behavior of P(L/D)LA 99/1 was investigated by crystallizing the 
sample for one hour at the temperatures between 90 and 130 °C, after which the 
TOPEM measurement was performed. The peak temperatures of thermal events and the 
degrees of crystallinity are presented in Table 7.7. Corresponding curves are illustrated 
in Figure 7.11. At 90 °C < Tc < 100 °C, Pexo is observed prior to P1. The second melting 
peak (P2) is present, when Tc > 110 °C. These results are similar to those recorded with 
conventional DSC (see Table 7.2), except in this case P2 distinguishes itself more clear-
ly. Increasing of Tc shifts both endotherms to higher temperatures, but does not affect 
their magnitudes. Thus a conclusion can be drawn that in this case one hour is not suffi-
cient for crystallization of P(L/D)LA 99/1. For this reason three hours of crystallization 
was carried out as well.  


































































In addition to the different heat flow curves, the quasi-static heat capacity is ob-
tained as well. From Figure 7.11 (d) it can be observed that the main part of heat capaci-
ty originates from P1, but Pexo and P2 give a rise to the small part as well.  
 
Table 7.7 The peak temperatures of crystallization (Texo) and melting processes (Tm1 
and Tm2) observed in the total heat flow curve of P(L/D)LA 99/1 alongside the degrees 
of crystallinity (X). The sample was crystallized for one hour at various temperatures 
before TOPEM measurements.  
Tc (°C) Texo (ºC) Tm2 (ºC) Tm1 (ºC) X (%) 
90 156.33 - 171.19 47.6 
100 158.75 - 170.31 40.1 
110 - 164.16 171.31 44.0 
113 - 165.20 171.56 45.9 
130 - 165.74 172.21 50.2 
 
 
Figure 7.11 TOPEM data of P(L/D)LA 99/1 predicting the curves of (a) the total heat 
flow, (b) non-reversing heat flow, (c) reversing heat flow, and (d) quasi-static heat ca-
pacity plotted against temperature. The sample was crystallized beforehand at various 
temperatures for one hour. The curves have been shifted vertically for clarity. 
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The results of the TOPEM measurements performed after three hours of crystalliza-
tion are shown in Table 7.8 and Figure 7.12. The crystallization temperature was be-
tween 90 and 140 °C.  
 
Table 7.8 The peak temperatures of cold crystallization (Tcc), the exotherm (Texo), and 
two melting peaks (Tm1 and Tm2) of the total heat flow curves alongside the degrees of 
crystallinity (X). The P(L/D)LA 99/1 sample was crystallized at various temperatures 
for three hours before the TOPEM measurements. 
Tc (°C) Tcc (ºC) Tm2 (ºC) Texo (ºC) Tm1 (ºC) X (%) 
90 154.68 - - 169.26 42.6 
100 158.71 - - 169.69 42.0 
113 - 164.45 165.79 171.28 46.0 
120 - 164.87 166.21 170.90 38.7 
130 - 167.23 - 172.08 36.4 




Figure 7.12 The (a) total heat flow, (b) non-reversing heat flow, (c) reversing heat flow, 
and (d) quasi-static heat capacity curves of P(L/D)LA 99/1 measured after crystalliza-
tion at various temperatures for three hours. The curves have been shifted vertically for 
clarity. 
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In this case both endotherms are visible. The peak temperature of P1 is slightly low-
er compared to that obtained after one hour of crystallization. The peaks shift and their 
areas change in a similar manner as in the case of the conventional DSC measurements. 
On the contrary, the non-reversing and reversing processes overlapping can now be sep-
arated. From Figure 7.11 and Figure 7.12 it can be observed that the crystallization peak 
appears in the non-reversing curve as well as the major part of the melting process. The 
reversing curves are characterized by two small endotherms. At Tc ≤ 100 °C, the first 
endotherm is located at the same temperature as Pexo in the non-reversing curve. 
7.2.4 TOPEM analysis of P(L/D)LA 96/4 
Figure 7.13 shows the DSC curves of P(L/D)LA 96/4 obtained from a TOPEM meas-




Figure 7.13 The (a) measured heat flow of P(L/D)LA 96/4, from which the (b) non-
reversing (upper), total (middle), and reversing heat flow (lower) curve alongside (c) 
quasi-static heat capacity curve are evaluated. The heating rate was 0.5 °C min-1, the 
pulse height was 0.05 °C, and the width of the calculation window was 175 s.  
































































As in the case of P(L/D)LA 99/1, the total heat flow curve is characterized by crystalli-
zation and melting events. However, in this case an additional melting peak is present 
instead of Pexo. The cold-crystallization peak appears at 106.46 °C, which is somewhat 
higher than for P(L/D)LA 99/1. This is probably due to the faster heating rate. The peak 
P1 is at 157.28 °C and P2 is at 149.62 °C. The peak temperature of the first endotherm is 
slightly  higher  compared  to  the  one  of  the  first  heating  scan  of  the  conventional  DSC 
measurement, while the peak P2 was  not  present  in  that  study  (Table  7.1).  The  
P(L/D)LA 96/4 sample was crystallized for one hour at temperatures between 90 and 
130 °C, after which the TOPEM measurement was performed. The peak temperatures of 
thermal events and the degrees of crystallinity are presented in Table 7.9. Correspond-
ing curves are illustrated in Figure 7.14. 
 
Table 7.9 The peak temperatures of endotherms (Tm1 and Tm2) observed in the total heat 
flow curve alongside the degrees of crystallinity (X). The P(L/D)LA 96/4 sample was 
crystallized at various temperatures for one hour before TOPEM measurements. 
Tc (°C) Tm1 (ºC) Tm2 (ºC) X (%) 
90 156.18 145.60 27.3 
95 156.51 147.35 25.6 
100 156.93 148.43 26.4 
105 157.34 149.60 27.3 
110 157.70 150.78 26.8 
120 158.54 153.19 24.5 
130 155.84 - 30.2 
 
From Figure 7.14 it can be observed that the double melting behavior of the sample 
is similar as in conventional DSC studies, see Figure 7.2. The peak temperatures, how-
ever, are again higher in the case of TOPEM measurements. When Tc is 120–130 °C, 
the intensities of P1 detected in the total and non-reversing heat flow curves are relative-
ly high compared to the measurements performed at other temperatures. The quasi-static 
heat capacity seems to originate mainly from P2, because it appears at the same tem-
perature. This is different from the case of P(L/D)LA 99/1 (Figure 7.12 (d)), for which 
at Tc of 90–113 °C the main part of the quasi-static heat capacity originates from P1. 






Figure 7.14 The (a) total heat flow, (b) non-reversing heat flow, (c) reversing heat flow, 
and (d) quasi-static heat capacity curves of P(L/D)LA 96/4 obtained after one hour of 
crystallization. The curves have been shifted vertically for clarity. 
 
The characteristic values of thermal events detected on the total heat flow curve, 
when the sample was isothermally pre-crystallized for three hours, are presented in Ta-
ble 7.10. The curves evaluated from the measured heat flow curve are shown in Figure 
7.15. 
 
Table 7.10 The peak temperatures of melting and crystallization processes of P(L/D)LA 
96/4  occurring in the total heat flow curve. The sample was crystallized for three hours 
at various temperatures before TOPEM measurements. 
Tc (°C) Tm1 (ºC) Texo (ºC) Tm (ºC) X (%) 
90 156.20 147.63 145.13 24.5 
95 156.60 - 147.44 24.8 
100 157.10 - 148.60 26.0 
105 157.35 - 149.85 25.0 
110 157.68 - 151.02 25.1 
120 158.54 154.63 153.44 20.1 
130 156.19 - - 30.5 
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Figure 7.15 The (a) total heat flow, (b) non-reversing heat flow, (c) reversing heat flow, 
and (d) quasi-static heat capacity curves of P(L/D)LA 96/4 obtained after three hours of 
crystallization at various temperatures. The curves have been shifted vertically for clar-
ity. 
 
In all TOPEM measurements the major part of the melting and recrystallization pro-
cesses was detected on the non-reversing heat flow curve, while the rest of melting ap-
peared in the reversing heat flow curve. Shieh et al. attained similar results when study-
ing PLLA by TMDSC with the underlying heating rate of 1 °C min-1, the amplitude of 
0.5 °C, and the period of 60 s. Their sample was reported to have a few percent of opti-
cal impurity but the exact content was not told. However, the peak temperatures they 
obtained with the conventional DSC are quite close to those of P(L/D)LA 99/1, which 
indicates that their sample had the impurity content of about 1%. The temperature range 
they used is narrower (100–110 °C) than the one used in this study. In this region the 
appearance of the exotherm and both endotherms are quite similar as in Figure 7.12. 
[16]  
The non-reversing melting is usually observed when the melting of the sample is so 
slow that it does not occur in the equilibrium. One example of this is the melting of su-
perheatable crystals. [77] Superheating behavior occurs, when the molecular rearrange-
ment to the new phase is slowed or hindered [78]. This phenomenon explains also the 
shift of the melting peak to the higher temperature with faster heating rate [79]. Re-
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versible melting in turn is suggested to be due to partial melting of lamellae, which is 
followed by rapid recrystallization. In the case of PET the reversible melting was also 
explained by molecular nucleation. [80; 81] 
7.3 FTIR spectroscopy of PDLLA  
The plasticizing effect of water on PDLLA was examined by FTIR spectrometer. The 
characteristic absorption bands of Film 1 measured after vacuum drying are presented in 
Table 7.11, where they are compared to the reference values. The full spectra of the film 
recorded  from  the  dry  and  wet  samples  are  shown  in  Figure  7.16.  As  for  other  cast  
films, the results were so similar that they are not presented here. The focus will only be 
on the bands, which undergo some changes caused by water and thermal treatment or by 
gamma sterilization. 
 





0 d (in water) 
References 
vs(OH) (water) 3657 3652 [75] 
v(OH) free (PLA) 3565 3571 [82; 83] 
2xν(C=O) 3505 3500 [4] 
νas(CH3) 2995 2997 [82; 83] 
νs(CH3) 2945 2947 [82]; 2946 [34] 
ν(CH) 2881 2882 [82]; 2877 [34] 
ν(C=O)  1765, 1758, 1754, 1748 1760 [82; 83]; 1748 [34] 
δ (HOH)  1625 [84]; 1641 [85] 
δ as(CH3) 1454 1452 [82; 83]; 1456 [34] 
δ s(CH3) [82]  
–CH– deformation including 
symmetric and asymmetricbend [34] 
1382 1385 [82]; 1382 [34] 
δ1(CH)+δs(CH3) 1364 1365 [34; 82]  
δ2(CH) 1320 1300, 1315 [82] 
δ(CH)+ν (COC) 1269 1270 [82; 83]  
νas(COC) 
(+ ras(CH3) [83]) 
1187 1185 [82] 
ras(CH3) 1131 1130 [82; 83] 
νs(COC) 1094 1090 [82]; 1093 [34] 
ν(C-CH3) 1051 1045 [82; 83] 
r(CH3)+ν(CC) 956 960 [82]; 956 [34] 
ν(C-C) 866 868 [34] 
δ(C=O) 752 760 [82] 
δ1C-CH3 + δCCO  516 515 [82] 
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The bands at 2997, 2946 and 2877 cm-1 are due to the CH stretching modes. A very 
strong band splitted in several peaks, which are observed at 1765, 1758, 1754 and 1748 
cm-1, is assigned to the C=O stretching mode. Other general bands for PLA-based pol-
ymers are asymmetric stretching of CH3 at 1454 cm-1, symmetric bending of CH3 at 
1382 cm-1, and the C-O-C stretching modes at 1187 and 1094 cm-1. The band at 956 cm-




Figure 7.16 FTIR spectra of a PDLLA sample (Film 1) immediately after drying in vac-
uum and after exposing to water at 37 °C for one, two, and seven days. The changes in 
the spectra are marked with the arrows, which show the direction of the intensity 
changes during water treatment.  
 
Arrows indicate the direction of intensity changes during water treatment in the are-
as of interest for this study. Particular attention is paid to the region of 3900–3300 cm-1, 
where the effect of water is clearly seen. Another subject of interest is the band appear-
ing to the right side of the carbonyl peak due to the water exposure. The intensity of the 
C=O stretching mode is changing, as well. A closer look at the effect of water on films 
with different treatments is given in the next subsections. 
7.3.1 Water treatment of PDLLA with intermediate measurements 
Both Film 1 and Film 4 were exposed to water at 37 °C and measured at certain inter-
vals. In addition, Film 4 was gamma sterilized before water treatment. Table 7.12 shows 
the band assignments of Film 1 obtained during the experiment in the regions defined in 
Figure 7.16. The changes observed are the most significant during the first day, after 
which the shifts observed are smaller. The symmetric stretching of the OH group of 
water moves from 3657 to 3652 cm-1. Also, the free v(OH) stretching originating from 
the polymer itself moves to higher wavenumber. This indicates that the increasing 


























amount of water absorbed by film degrades the polymer via hydrolysis, which results in 
the greater amount of free hydroxyl groups. The third band, which is associated with an 
overtone of ν(C=O) vibrations in the range of 1765–1748 cm-1, occurs at 3505 cm-1. 
After water immersion it shifts only slightly to lower wavenumber and stays unaltered 
during the rest of the experiment. A new weak band appearing next to the carbonyl peak 
at 1626 cm-1 is assigned to the H-O-H bending of water.  
 
Table 7.12 The band assignments of Film 1 after vacuum drying (0 d) and after expos-
ing to water for various time periods between measurements. 
Assignment 0 d (in water) 1 d (in water) 2 d (in water) 7 d (in water) 
vs(OH) (water) 3657 3653 3653 3652 
v(OH) free (PLA) 3565 3568 3569 3569 
2xν(C=O) 3505 3504 3504 3504 







1761, 1753,  
1750 
δ(H-O-H) - 1626 1625 1625 
 
The band assignments of Film 4 are presented in Table 7.13. In order to examine the 
effect of sterilization on the dry film, it was also measured before gamma sterilization, 
immediately after preparation. However, these two cases are not totally comparable, 
because the film was not vacuum dried after preparation, for which reason there can be 
some traces of acetone or water in the spectrum.  After gamma sterilization the νs(OH) 
of water has shifted from 3652 to 3657 cm-1, which is exactly the same wavenumber 
observed for Film 1 after vacuum drying. Based on this information it is difficult to say, 
whether this shift is due to gamma sterilization or vacuum drying. The ν(OH) mode of 
PLA is barely visible in the dry sample at 3554 cm-1 and after seven days of water im-
mersion it occurs at 3568 cm-1. The overtone of ν(C=O) in turn occurs at 3509 cm-1, 
which is higher compared to Film 1. During water treatment the band shifts to 3505 cm-
1. 
 
Table 7.13 The band assignments of Film 4 after preparation and gamma sterilization 
followed by water immersion for various time periods.  
Assignment 0 d (after 
preparation)
0 d (after 
γ-sterilization) 
1 d (in water) 2 d (in water) 7 d (in water) 
νs(OH)  
(water) 3652 3657 3652 3655 3651 
v(OH)  
(free PLA) 3554 3554 3568 3569 3568 
2xν(C=O) 3509 3508 3506 3505 3505 









From the Figure 7.17 it can be observed that the FTIR spectra of dry Film 1 and 4 
differ greatly from each other. In the Film 1 three bands are more easily distinguishable 
than in the case of Film 4. After water immersion both films show similar behavior: 
intensity of the νs(OH) mode of water increases significantly. The intensity of the 
stretching mode of free hydroxyl groups increases as well, but not to the same extent. 
Intensity of the third band (the overtone of ν(C=O)) hardly changes for Film 1. On the 
contrary, this difference is much greater in the spectra of Film 4. During the water im-
mersion the third band is easily detected, while in the spectrum of the dry sample it ap-




Figure 7.17 FTIR spectra of Film 1(solid lines) and Film 4 (dotted lines) in the region 
between 3900 and 3300 cm-1 before and after water treatment of one, two, and seven 
days. The spectrum of Film 1 after drying it in vacuum (the lowest line) was used as a 
reference for normalization. The dash dotted line presents the Film 4 before gamma 
sterilization and the dashed line under it the same film after gamma sterilization but 
before exposure to water. The curves have been shifted vertically for clarity. 
 
Figure 7.18 (a) and (c) present the spectra of Film 1 and 4 in the C=O stretching re-
gion, respectively. In both cases the positions of the peaks stay unaltered. Their intensi-
ties change during the experiment, but there is no regularity. Especially, in the case of 
Film  4  the  changes  seem  to  be  coincidental.  However,  in  Figure  7.18  (d),  where  the  
formation of the H-O-H band is shown, the direction of the changes is completely dif-
ferent. The H-O-H mode of Film 1 is illustrated in Figure 7.18 (b). Apart from the high-
er intensity of the peak in the spectra of Film 1 there are no significant differences be-
tween these two films. 
 
 
























Figure 7.18 The spectra of Film 1 in the region of (a) 1850–1500 cm-1 and (b) 1700-
1500 cm-1 alongside the spectra of Film 4 in the region of (c) 1850–1500 cm-1 and (d) 
1700–1500 cm-1. 
 
From Figure 7.18 (a) and (b) one can also observe that the C=O stretching band 
splits into several peaks. This phenomenon is proposed to be due to the intramolecular 
coupling. Other explanation given is the interchain interactions, such as C-H∙∙∙O hydro-
gen bonding or dipole-dipole interaction, but the origin has not been confirmed yet. [82] 
7.3.2 Water treatment of PDLLA without intermediate measurements 
Film 2 and 5 were also exposed to water, but in this time no intermediate measurements 
were performed. Film 2 was analyzed only two times: after vacuum drying and seven 
days of immersion. The measured band assignments of Film 2 are presented in Table 
7.14. The effect of water is very similar to that of Film 1. The νs(OH) mode of water 
shifts to lower wavenumber. The OH stretching mode of free hydroxyl groups of poly-
mer cannot be observed right after drying but it appears during immersion and is placed 
at 3569 cm-1. The overtone of the carbonyl appears at 3505 cm-1 and there are no signif-
icant changes in it during the experiment. The ν(C=O) stretching mode stays about at 
the same wavenumber as well. The H-O-H bending mode of water appears at 1626 cm-1 
after water immersion. 
 















7 d in water
1 d in water
2 d in water







7 d in water
1 d in water
2 d in water

























7 d in water
0 d after preparation
1 d in water
0 d after sterilization















7 d in water
2 d in water
1 d in water
0 d after preparation
0 d after sterilization
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Table 7.14 Band assignments of Film 2 after vacuum drying and exposing it to water 
for seven days without intermediate measurements. 




νs(OH) (water) 3656 3652 
v(OH) free (PLA) 3564 3569 
2x ν (C=O) 3505 3504 
ν(C=O) 1765, 1763, 1758, 1754, 1750, 1747 
1765, 1762, 1758, 
1754, 1750, 1747 
δ (H-O-H) - 1626 
 
Film 5 was gamma sterilized before vacuum drying and water treatment. Measured 
band assignments are presented in Table 7.15. As in the case of Film 2, gamma sterili-
zation shift bands to higher wavenumbers. Especially νs(OH) of water, which shifts 
from 3650 to 3639 cm-1. However, after water treatment it is replaced at 3651 cm-1.  
 
Table 7.15 Band assignments of Film 5 after preparation and gamma sterilization, 







νs(OH) (water) 3650 3639 3651 
v(OH) free (PLA) 3552 3550 3567 
2x ν (C=O) 3509 3507 3505 
ν(C=O) 1756 1756 1756 
δ(H-O-H) - - 1636 
 
Figure 7.19 and Figure 7.20 illustrate both Film 2 and Film 5 before and after water 
treatment in the regions of 3900–3300 cm-1 and 1850–1500 cm-1. All spectra were nor-
malized by using dry Film 1 as reference. The intensities of the bands measured for 
Film 5 are so small compared to Film 2 that any changes are difficult to see. Figure 7.20 





Figure 7.19 FTIR spectra of Film 2 (solid lines) and Film 5 (dotted lines) in the region 
of 3900-3300 cm-1 before and after exposure to water for seven days. The dash dotted 
line presents the Film 5 before gamma sterilization and the dashed line under it the 
same film after gamma sterilization but before exposure to water. Curves have been 
shifted vertically for clarity. 
 
 
Figure 7.20 The FTIR spectra of Film 2 in the region of (a) 1850–1500 cm-1 and (b) 
1700-1500 cm-1 alongside the spectra of Film 5 in the region of (c) 1850–1500 cm-1 and 
(d) 1700–1500 cm-1. 
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7 d in water
0 d after preparation
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The ν(C=O) band of Film 2 is splitting in a similar way as that of Film 1. In this case 
peaks distinguish themselves more clearly. In the case of Film 5 the band does not split. 
Figures 7.20 (b) and (d) shows that the appearance of the H-O-H bending mode during 
water treatment proceeds in the same manner than above.  
The results obtained from the water immersion experiments show that the infrared 
band of C=O stretching did not shift during experiment. This indicates that no hydrogen 
bonds were formed between the polymer and water molecules [85]. However, from the 
IR spectra illustrated above it can be concluded that water has some effect on it.  The 
increase of the ν(C=O) overtone band during immersion might be caused by degrada-
tion of the polymer, because the carbonyl groups have more space for vibration in the 
monomers than in the polymer. This could also explain the intensity changes in the 
ν(C=O) band. 
7.3.3 Thermal treatment of PDLLA with intermediate measurements 
In  the  third  procedure  films  (Film  3  and  Film  6)  were  kept  in  the  drying  oven  at  the  
temperature of 37 °C without exposure to water. This was done to measure the effect of 
thermal treatment on the samples. The band assignments measured for Film 3 after dry-
ing and during thermal treatment for one, two, and seven days are shown in Table 7.16. 
The only peak shifting is νs(OH) of water. It moves to higher wavenumber. The ν(OH) 
band of free hydroxyl groups of polymer shift from 3566 to 3569 cm-1 and stays unal-
tered during the rest of thermal treatment. The overtone of the carbonyl peak can be 
found at 3505 cm-1. The H-O-H bending mode of water is absent as can be expected for 
a dry sample.  
 
Table 7.16 The band assignments measured for Film 3 after vacuum drying and keeping 
it in the drying oven at 37 °C without water treatment for various time periods. 
Assignment 0 d 
(in the oven) 
1 d 
(in the oven) 
2 d 
(in the oven) 
7 d 
(in the oven) 
νs(OH) (water) 3657 3658 3661 3660 
v(OH) free (PLA) 3566 3569 3569 3569 
2x ν(C=O) 3506 3504 3505 3505 
 ν(C=O) 1756 1756 1756 1756 
 
The band assignments for the FTIR spectra of Film 6 are presented in Table 7.17. 
The symmetric stretching of OH group arousing from water shifts to higher wave-
number. After seven days of thermal treatment it is located at 3658 cm-1. As in the case 
of Film 3 the δ(H-O-H) mode of water is absent.  
Spectra of Film 3 and Film 6 in the region of 3900–3300 cm-1 are shown in Figure 
7.21. Thermal treatment decreases intensities of the bands linearly. The band intensities 
of the gamma sterilized sample are lower than for untreated one. In the FTIR spectra of 
Film 3 and 6 no splitting of the ν(C=O) band was observed and for that reason this re-
gion is not illustrated here. 
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Table 7.17 Band assignments of Film 6 observed after preparation, after gamma sterili-
zation, and during thermal treatment for various times. 







(in the  
oven) 
2 d 
(in the  
oven) 
7 d 
(in the  
oven) 
νs(OH) (water) 3653 3660 3657 3661 3658 
v(OH) free (PLA) 3547 3546 3547 3547 3547 
2x ν (C=O) 3510 3508 3507 3507 3507 





Figure 7.21 FTIR spectra of Film 3 (solid lines) and Film 6 (dotted lines) in the region 
of 3900–3300 cm-1 before and after thermal treatment for seven days. The dash dotted 
line presents the Film 6 before gamma sterilization and the dashed line under it the 
same film after gamma sterilization but before exposure to water. The spectra have 
been shifted vertically for clarity. 
 
Overall, there was no clear evidence of the effect of gamma sterilization on the cast 
films.  The  positions  of  the  absorption  bands  alter  slightly  during  the  treatment,  but  as  
stated before, this might be also due to vacuum drying. The intensities of the bands stay 
unchanged. The strangely broad overtone band detected for dry Film 4–6 complicated 
the interpretation of the spectra. The reason for the appearance of it is unclear, but it 
might somehow be due to poorer quality of films. After the water immersion two sepa-
rate bands are distinguishable at the place of the band. Otherwise, the spectra of unsteri-
lized and sterilized films measured after water immersion resemble each other closely, 
and the effect of water can be clearly seen there.   
 























In this thesis the double melting behavior of poly(lactic acid) was investigated by the 
new TMDSC method, TOPEM. The purpose of the study was to determine the suitable 
parameters for examination of the melting processes of this particular polymer and find 
out, whether the TOPEM technique would offer some new insights about this widely 
investigated phenomenon. The results obtained were compared with the ones derived by 
conventional DSC studies. Additionally, the plasticizing effect of water on the untreated 
and gamma sterilized PLA samples were studied by FTIR. Semicrystalline PLAs with 
D-content  of  1  and  4%  were  used  as  sample  materials  for  TOPEM  measurements,  
whereas in FTIR studies the material investigated was medical grade PDLLA, which 
was a completely amorphous polymer. 
Conventional DSC studies were performed before TOPEM experiments in order to 
clarify  the  behavior  of  the  samples.  Crystallization  times  of  one  and  three  hours  were  
compared. It was found out that the PLA sample with higher L-content required longer 
crystallization time for the appearance of the second melting peak. The temperature 
range, where two endotherms were visible, took place at lower temperatures for 
P(L/D)LA 96/4 than for P(L/D)LA 99/1. This was explained by different D-content of 
the samples. 
The suitable parameters for TOPEM studies were determined by preliminary stud-
ies. Different heating rates and pulse heights were tested. The results indicated that the 
PLA with higher L-content required slower heating rate in order to prevent noisy and 
possible  wrong results.  Thus,  the  heating  rate  chosen  for  P(L/D)LA 99/1  was  0.25  °C 
min-1, while the heating rate of 0.5 °C min-1 was used for P(L/D)LA 96/4. The pulse 
height  of  0.05  °C  was  used  for  both  samples.  The  effect  of  the  calculation  window  
width was also studied by comparing the total heat flow curve to the mean value of 
measured heat flow curve. The calculation windows of 225 and 175 s were chosen for 
P(L/D)LA 99/1 and 96/4, respectively. 
The TOPEM measurements correlated quite well with the conventional studies. 
They could not be exactly compared, because the heating rates used were not the same. 
This might explain the higher peak temperatures observed by TOPEM. The non-
reversing and reversing heat flow curves of both samples showed that the melting and 
crystallization processes occurred simultaneously when using lower crystallization tem-
peratures (Tc < 100 °C). At higher temperatures the double melting peaks were observed 
as in the case of the conventional DSC studies. The melting processes of both samples 
were detected to be mainly irreversible. The reason for this might be superheating of the 
samples due to the slow melting kinetics of them. 
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So far the main focus of TOPEM studies has been in the glass transition region. The 
results obtained in this study give more information about the examination of melting 
processes by TOPEM. It was shown that it is possible to detect the double melting be-
havior of PLA with this method. Also, more information about the effect of different D-
contents on this phenomenon was gained.  
The cast films made of PDLLA were investigated by FTIR. They were exposed to 
water for various time periods in order to study its plasticizing effect. Films were meas-
ured by transmission technique. The most significant changes in the FTIR spectra were 
observed in the region of 3700-3500 cm-1, where three absorption bands were detected. 
They were assigned to the νs(OH) mode of water, ν(OH) mode of the polymer and the 
overtone of the carbonyl peak. The changes in these bands were suggested to be due to 
degradation of PLA via hydrolysis, in which case the amount of hydroxyl chain ends 
would increase. Increasing intensity of the overtone band was explained by increasing 
degree of freedom of carbonyl group. Additionally, a new band appeared on the right 
side of ν(C=O) in the region of 1650–1600 cm-1 during water treatment. This was as-
signed to the δ(H-O-H) mode of free water.  
The results attained during immersion were compared to the sample kept in the oven 
at the same temperature. In this case no significant changes in wavenumbers and inten-
sities were observed. The effect of gamma sterilization on the samples was examined as 
well. However, no clear evidence of it was attained. Only slight changes in the wave-
numbers of the absorption bands were observed, but this can be also due to the vacuum 
drying. Another reason for this might be poorer quality of the films, which were gamma 
sterilized. Too broad overtone band complicated the interpretation of their spectra. 
The FTIR study offered very valuable information about the plasticizing effect of 
water on the amorphous PDLLA. However, additional studies are required to clarify the 
real effect of gamma sterilization. For this, the preparation method of cast films should 
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